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Abstract 
This thesis investigates the laser performance of different gain media in the bounce 
amplifier geometry at Ipm and 1.3(im. 
The properties of the laser gain media Nd:YV04 and Nd:YAG are discussed and 
compared with respect to their performance in diode-pumped solid-state laser 
systems. The bounce amplifier geometry is described. A study of gain in the bounce 
amplifier geometry is conducted and a small signal gain of 28000 is demonstrated in 
a Nd:YY04 bounce amplifier. Sources of thermal loading are discussed and the 
cavity stability due to thermal lensing is analysed. 
Bounce geometry lasers are constructed and over lOOW multimode output power is 
obtained from a single CW bounce oscillator with l.lat.% Nd:YV04 at 1064nm, as 
well as 125W from a master oscillator power amplifier configuration, at high 
conversion efficiencies. Almost SOW output power is demonstrated from a TEMoo 
oscillator. Different cavity designs allow Q-switched TEMoo operation with tens of 
watts average output power and pulse repetition rates from as low as 20kHz to over 
IMHz. 
The bounce geometry laser performance at 1064nm of highly doped 2at.% Nd:YAG 
gain media grown with different techniques (Czochralski, TGT and ceramic) is 
investigated. Output powers of 46W multimode as well as 39W TEMoo from the 
2at.% Czochralski Nd;YAG bounce laser are the highest laser output powers 
achieved to date with highly doped crystalline Nd:YAG. High pulse energy 
experiments are conducted with QCW pumping of the Czochralski crystal. 
Finally, laser performance at 1.3|i.m is investigated for both Nd:YV04 and Nd:YAG. 
Multimode output powers of 12W in Nd:YV04 and 16.7W in Nd:YAG are obtained. 
Good Q-switching TEMoo performance is also shown. As well as dual wavelength 
operation, an alternation of laser pulses at 13I9nm and 1338nm wavelength in a Q-
switched Nd:YAG oscillator is demonstrated for the first time. 
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1. Introduction 
1.1 Introduction 
The concept of infrared and optical masers was first proposed by Schawlow and 
Townes in 1958 [1.1] and lasing was experimentally demonstrated for the first time 
in 1960 by Maiman in ruby [1.2]. Since then, the laser has come a long way and 
lasing has been demonstrated in literally hundreds of different materials and in many 
different cavity and pump configurations. This thesis investigates the use of the 
bounce amplifier geometry with different gain media for high efficiency, high power 
laser operation. 
To give a background for a better understanding of the relevance of this work, this 
chapter gives a brief overview of common pump sources and cavity configurations 
of solid-state lasers. It introduces common gain media used in these setups and 
comments on their efficiencies and some of their advantages and disadvantages. 
1.2 Solid-state laser materials 
Solid-state laser materials offer many advantages over liquid or gas materials and 
have become preferred laser sources. Materials for laser operation should possess 
sharp fluorescent lines for narrow line width emission, unless a tuneable laser is 
required. Strong absorption and a reasonably large cross-section for the fluorescent 
transition of interest are important. These characteristics are generally shown by 
solids which incorporate, in small amounts, active elements in which optical 
transitions can occur. In this respect elements of particular interest are the 
lanthanides, actinides and the transition metals [1.3]. This section gives a quick 
overview over some common laser materials. 
1.2.1 Host properties 
Solid-state host materials are typically transparent dielectric materials into which 
dopant ions are introduced as impurities [1.4]. The host materials can broadly be 
grouped into crystalline solids and glasses. There are several key criteria for 
selecting laser ion hosts. The host material should possess favourable optical 
properties as well as a set of mechanical and thermal properties that will permit 
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operation without excessive stress under the operational thermal load and allow it to 
be cut and polished. The material must also be able to accept the dopant ions. The 
following paragraphs give a brief overview over common host materials, describing 
some of their main features. 
One class of host materials are glasses. They are cheap to manufacture and have the 
advantage when compared to crystalline materials that they have a tremendous size 
capability which is important for high-energy applications. Glass is easily fabricated 
with excellent optical quality and a good optical finish. Laser ions in glass generally 
show a larger fluorescence linewidth than in crystals because of inhomogeneous 
broadening due to the lack of a well defined crystalline surrounding for the 
individual active ion. The broadening of the laser transition leads to a reduced peak 
cross-section and hence glass lasers tend to show a higher laser threshold than crystal 
lasers. Also, glass has a much lower thermal conductivity than most crystalline hosts. 
Dopants such as the rare earth ions Nd^ "^ , Yb^^, Tm^^ and Ho^^ have been 
incorporated into glass hosts [1.3]. 
Among crystalline materials, one group of laser host materials are oxides. As 
mentioned earlier, the first lasing action was shown in ruby which is composed of 
Cr^^-doped sapphire (AI2O3). Sapphire is mechanically strong with high thermal 
conductivity and can easily be doped with transition metals, but usually at low 
concentrations. The Ti:Sapphire laser, for example, is a widely used, broadly 
tuneable solid-state laser. Numerous garnets like YAG, GGG, and GSGG have also 
proven to be very good hosts since they are stable, hard, optically isotropic and have 
good thermal conductivity [1.5]. YAG is a good and widely used host for Nd^% but 
other dopants similar to those in glass can also be used including Yb^ "^ , Er^ "^ , Tm^^, 
Ho^^ and Cr^^ [1.6]. A discussion of the properties of Nd:YAG can be found in 
Chapter 2. 
Recently, vanadates such as YVO4 and GdV04 have come into widespread use as 
crystalline laser host materials for Nd. Nd:YV04 and Nd:GdV04 have large 
absorption and emission cross sections that make them very attractive for high 
efficiency diode-pumped laser operation. Compared to Nd:YAG, Nd:YV04 has a 
lower laser threshold and a larger stimulated emission cross-section, but thermal 
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conductivity is considerably lower in Nd:YV04. The vanadates are also naturally 
birefringent, unlike YAG, which avoids undesirable thermally induced birefringence. 
Chapter 2 gives a more detailed comparison between Nd:YV04 and Nd;YAG. 
Another group of crystalline host materials are fluorides, of which yttrium lithium 
fluoride (YLiF4) is an example. It is used as a host for rare earth ions. As a laser gain 
medium, Nd;YLF offers a reduction in thermal lensing due to a negative dn/dT, and 
an increased energy storage compared to Nd:YAG due to a longer fluorescence 
lifetime. It is naturally birefringent, like Nd:YV04, which eliminates depolarisation 
losses. It has a comparable thermal conductivity to Nd:YV04, but is a softer 
material. Its UV transparency also makes it an attractive material for xenon 
flashlamp pumping. [1.7] 
A different type of host material is ceramic. The first solid-state laser based on 
ceramic polycrystalline material was reported in the middle of the 1960s [1.8], but 
ceramic laser material only received a good deal of attention over the last decade 
after the development of highly transparent nanocrystalline YAG [1.9]. Laser action 
has been achieved in ceramics doped with Nd^ "^  [1.10] as well as other ions. 
Ceramics have the advantage of higher thermal shock resistance and larger sizes and 
can be doped to higher concentrations. However, there can be issues with scattering 
losses at grain boundaries in the ceramic that can negatively affect the laser 
performance [1.11, 12]. 
1.2.2 Dopants 
To produce laser gain media, ions in which optical transitions can occur between 
inner, incomplete electron shells are introduced into the host materials as laser active 
impurities. The rare earth ions are good candidates to serve as active ions in solid-
state materials. Such laser gain media often exhibit sharp fluorescent transitions in 
the infrared. This is because the electrons involved in the transitions are shielded by 
the outer shells from the crystal lattice. Their transitions are therefore similar to those 
of the free ions. Further, a laser material should possess pump bands that are within 
the emission spectra of available pump sources such as arc lamps or laser diodes. 
The rare earth ions usually exist in solids in their trivalent state [1.3]. Some 
important dopants are briefly described below. 
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A very important and widely used active ion is Neodymium, Nd^ "^ , which was first 
used in a laser in 1961 [1.13], It can be incorporated into many host materials but the 
principal host materials for Nd are YAG, glass, YVO4 and YLF. Nd has a large 
optical absorption peak around 800nm for laser diode pumping and its main lasing 
transitions are around 0.9|Lim, l|im and 1.3pm. The exact transition wavelengths 
depend on the host material. A more detailed discussion of the absorption and 
emission characteristics of Nd in YVO4 and YAG can be found in Chapter 2. 
Another rare earth dopant is Erbium, It has its absorption peak around 970nm. 
Its emission lines between LSpm and 1.6|im are important because they lie in the 
telecoms and the so-called eye safe regions. The dopant finds extensive use in 
erbium doped fibre amplifiers. Erbium's 2.9|am transition is an important 
wavelength in medical applications. Host materials for Erbium include YAG, YLF, 
glasses and YVO4. 
The rare earth ion Ytterbium, Yb^\ is a quasi-three-level ion at room temperature 
with a very small quantum defect. This makes it a good material for high power 
scaling because of the reduced heating and thermal issues mentioned later, but it 
requires high pump intensities. It is used extensively in thin disk lasers. Yb^ "^  has 
absorption peaks from 900-980nm and has a broad emission spectrum from 1015-
1060nm. Among other host materials, it has been doped into YAG and YVO4 [1.14, 
15]. 
Transition metal ions are another group of dopants. They often have broad 
fluorescence lines and can therefore make good tuneable lasers. Important dopants 
from this group include and Ti^ "^ . Laser action has also been 
observed in other transition metals such as Ni^^ and Co^^. Probably the most famous 
laser materials in this class are the Ti-sapphire and the ruby lasers. 
1.3 Pump sources 
Optical pump sources for the gain medium should ideally supply the maximum 
possible light output in the spectral region which excites fluorescence in the laser 
medium and produce minimal emissions outside of the usefial absorption bands. 
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There are generally three different classes of pump sources in use today for solid-
state lasers; flashlamps, arc lamps and laser diodes. As opposed to the laser diodes, 
which are narrowband pump sources, the radiation from discharge lamps operating at 
low current densities is comprised of both narrow line and broad continuum 
components. [1.3] 
1.3.1 Flashlamps 
Flashlamps used in pulsed laser pumping are long arc devices designed so that 
plasma completely fills the tube. A flashlamp usually consist of a linear or helical 
quartz tube, two electrodes sealed into the envelope, and is filled with gas. Standard 
tube bore diameters are from 3 to 19mm, and lengths vary from 5cm to Im. Helix 
inner diameters range from 1 to 12cm. With their larger wall area and arc length per 
linear centimetre, helical lamps can deliver much higher pulse energies to a given 
size laser rod than a single linear flashlamp. They are used mainly for high energy 
Nd-doped lasers. The gas fill pressure of the lamps typically amounts to between 300 
and 700torr at room temperature. Xenon is usually chosen as the fill gas because it 
yields a higher radiation output for a given electrical input energy than other gases. 
However, in special cases krypton is chosen because of its better spectral match to 
the absorption bands of Nd:YAG. 
The radiation output from the flashlamp is dependent on the power density in the 
lamp and is composed of both line and continuum components. The line radiation 
corresponds to discrete transitions between the bound energy states of the gas atoms 
and ions. The continuum is made up primarily of recombination radiation from gas 
ions capturing electrons into bound states and of Bremsstrahlung from electrons 
accelerated during collisions with ions. The spectral distribution of the emitted light 
depends in complex ways on electron and ion densities and temperatures. In the 
continuous-power arc current densities are such that the radiation spectrum is 
characteristic of the fill gas and pressure broadened. At high current density, the 
spectral output is dominated by continuum radiation, and the line structure is seen as 
a minor element. In between those two regimes, a pulsed power region can exist 
where the discrete line radiation is still present superimposed onto a strong 
background pseudo-continuum. 
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The envelope and the rod-seal area of flashtubes are normally cooled by air, 
pressurised nitrogen or by a liquid. Liquid cooling permits operation at a high 
maximum inner-tube wall surface loading of 300Wcm"^, whereas free air convection 
is limited to about 5Wcm"^ and forced air to about 40Wcm"^. In high average power 
systems linear lamps are normally used because the coolant can be more readily 
directed over the entire flashlamp surface. Liquid-cooled linear flashlamps are 
available with outer quartz jackets that permit cooling of the lamps with a highly 
turbulent flow to improve cooling. The flow tubes are also often designed to absorb 
the ultraviolet content of the lamps. 
In terms of efficiency, xenon lamps convert about 40-60% of the electrical input 
power into radiation in the 0.2 - l.Opm range, whereas krypton lamps show an 
efficiency of 25-30%. But since most of the continuum radiation does not fall into 
the absorption band of the active medium, the actual pumping efficiency is far less. 
Xenon flashlamps have a lifetime of up to 10^  shots. [1.3] 
1.3.2 Arc lamps 
The continuous wave (CW) arc lamp design is similar to that of flashlamps, except 
that the cathode has a pointed tip for arc stability. For continuous pumping of 
Nd;YAG krypton is usually used since its strongest emission lines at 760nm and 
811nm are strongly absorbed by the laser crystal, and the xenon lines miss all the 
pump bands. 
CW arc lamps usually create more heat than flashlamps and power capability of the 
lamps is determined by the permissible stresses in the quartz envelope caused by the 
temperature gradient between the inner surface and the outer surface and by the gas 
pressure. The cooling is usually accomplished by circulating water in a flow tube 
surrounding the quartz envelope of the lamp. Again, the tube will also often absorb 
the ultraviolet content of the lamps. 
The conversion efficiency of a krypton arc lamp is about twice that of a xenon lamp 
at the same input power. Most Kr arc lamps have a radiation efficiency of about 40% 
in the spectral region between 0.3-1.2nm. It has also been found that the useful light 
output of krypton arc lamps for pumping Nd;YAG lasers increases with bore size. 
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fill pressure and input power. Typical overall efficiencies obtainable in krypton-
pumped Nd;YAG lasers are only a few percent. The main degradation mechanism in 
these lamps is the accumulation of wall deposits from evaporation &om the 
electrodes, and the typical lifetime of CW arc lamps is a few hundred hours. [1.3] 
1.3.3 Laser diodes 
Laser diodes have the significant advantage over arc lamps in that they are 
narrowband and can be tuned to coincide with the absorption band of the gain 
medium. Depending on A1 content, AlGaAs diode lasers cover the NIR spectrum 
from 780nm to 880nm, including the Nd absorption line around SOSnm. The line 
width (FWHM) for these bars is usually <3nm at SOSnm. Other wavelength ranges 
covered by high power diode lasers include 910 - 980nm and 1400 - 1600nm. 
There are several common configurations for laser diodes. These include stripes, 
1cm linear array bars, and diode bar stacks. Stripes usually have a thickness of about 
lp,m and stripe widths from a few microns for narrow-stripe up to several lOO^m for 
broad-stripe diodes. They are used in end-pumping geometries, and are often fibre-
coupled. The bars are used in side-pumping configurations or fibre-coupled for end-
pumping and are stacked for power scaling. For optimum performance it can be 
important that the bars are well matched to each other in wavelength. Individual bars 
are multimode in the horizontal with a slow divergence, but the diffraction limited 
vertical axis shows a very large divergence. Therefore bars can have fast axis 
collimating micro-lenses to counter the large fast axis divergence. 
Narrow-stripe diodes can deliver a few lOOmW and broad-stripe diodes several watts 
of output power. The available output power of single bars goes up to about lOOW; 
diode bar stacks can deliver multi-kilowatt output powers. Cooling and temperature 
control of these diodes is very important since the emission wavelength shifts at 
around 0.2nm/°C, with a similar shift in wavelength with current. Up to about SOW 
output power, diode lasers are usually conductively cooled by mounting the diode 
heat sink on a temperature controlled metal base. High power bars and especially 
multi-bar stacks have to be actively liquid-cooled. At any given current, the 
temperature needs to be tuned for optimum performance. 
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Laser diodes have the significant advantage over arc lamps in that they are 
narrowband, thus having higher system efficiencies and reducing the thermal load of 
the laser medium. They also have longer lifetimes of over ten thousand hours CW 
and around 10 °^ shots pulsed. Diode lasers also lack the high-voltage pulses, high 
temperatures and UV radiation encountered with arc lamps, making them much 
easier to use. In pulsed pumping, quasi-CW laser diodes can also have pulse 
repetition rates of a few hundred Hz to a few kHz, which is much higher than what is 
possible with fiashlamps. Commercial laser diodes can have a better than 50% 
electrical-to-optical conversion efficiency, and since their narrowband radiation can 
be tuned to coincide with the absorption band of the active medium, the pumped 
solid-state laser can have very high optical-to-optical and electrical-to-optical 
efficiencies. The American Department of Defence has over the last few years 
helped to push diode efficiencies even further by funding the Super High Efficiency 
Diode Sources (SHEDS) project to develop high power laser diodes in the 880 -
980nm range with 80% efficiencies for military applications [1.16]. The main 
disadvantage of laser diodes over lamp pumps is their high cost. [1.3] 
1.4 Diode pumped solid-state laser systems 
The first mention of the use of diodes as the pump source for solid-state lasers 
occurred in 1963 when Newman used a GaAs diode to pump Nd:CaW04 [1.17] and 
the first diode laser pumped solid-state laser was demonstrated one year later [1.18, 
19]. Due to the poor performance of these early systems, where CW operation was 
difficult even at cryogenic temperatures, relative little attention was paid to these 
diode-pumped solid-state (DPSS) lasers [1.20]. The development of semiconductor 
laser diodes has made significant progress since then, especially over the last two 
decades, considerably increasing their use as optical pump sources for solid-state 
lasers today. Output power, slope efficiency, laser threshold, wavelength control and 
lifetime have all been dramatically improved. 
The primary consideration for any pumping scheme is that the incident light must be 
efficiently absorbed. Most pumping arrangements can be categorised as one of two 
different schemes, end-pumping or side-pumping [1.20]. The following sections will 
give brief examples of common pump geometries. 
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1.4.1 End-pumping geometries 
In end-pumping geometries, the pump radiation is focused onto one or both ends of 
the gain medium, as depicted in the example in Fig. 1.1. Using this longitudinal 
pumping scheme, the fraction of the active laser volume excited by the diode laser 
can be matched quite well to the TEMoo lasing volume. However, the coupling optics 
necessary to ensure a good overlap can be complex and introduce losses. Low 
doping and a long crystal length can reduce thermal effects in the crystal by 
spreading the heat better through the long crystal. However, power scaling is limited 
by end effects like bulging of the end faces due to thermal expansions that can lead 
to catastrophic failure of the crystal. Thermally-induced lensing in the crystal and 
depolarisation are other important factors limiting power scaling. [1.3] 
laser 
diode 
808nm 
AR at 808m 
HR at 1064nm 
1064nm 
- • laser 
mode 
Focusing 
optics 
Gain medium OC 
Fig. 1.1 End-pumped rod laser with high reflectivity coated end face 
A very common example of this type of pumping is the end-pumped rod system. 
One concept first proposed by Sipes is a plano-concave cavity with the pump end of 
the Nd:YAG rod being coated for high reflectivity (HR) at the laser wavelength to 
act as the back mirror of the cavity [1.21]. The only other cavity optic is a curved 
output coupler. This shows that end-pumped lasers can have a very compact cavity 
design. In a high power single crystal end-pumped rod laser, Kracht et al. obtained 
over 400W multimode at 1064nm [1.22]. They used a segmented composite 
Nd:YAG rod to reduce temperature peaks and stress gradients within the gain 
material for higher output power. Frede et al. have presented a 250W multimode 
end-pumped Nd;YAG rod laser under 885nm pumping to reduce the quantum defect 
and heating of the crystal [1.23]. 
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To reduce thermal problems and to realise a design which allows the extraction of 
high output powers with minimised thermal distortion, Giesen et al. proposed the 
thin-disk laser in 1994 [1.24], which is shown on Fig. 1.2. The core concept of the 
thin-disk laser principle is the use of a thin, disk-shaped active medium, usually only 
a few hundred microns thick, that is cooled through one of the flat faces. 
Simultaneously, the cooled face is used as a folding or end mirror of the resonator. 
This face cooling minimizes the transversal temperature gradient and the phase 
distortions transversal to the direction of the beam propagation. Ytterbium-doped 
gain media are commonly used for high power operation. The multi-pass pump 
arrangement employed in thin-disk lasers can be quite complex, but multi-kW 
multimode lasers with high efficiencies can be realised with the thin-disk geometry 
[1.25]. The laser manufacturer Trumpf claimed in a panel discussion at the LASER 
2007 World of Photonics exhibition that they had obtained 8kW from a single disk. 
pump radiation 
solder 
heat sink 
o.c. mirror 
thin disk pump radiation 
laser beam 
Fig. 1.2 Thin disk laser design [1.25] 
1.4.2 Side-pumping geometries 
In the side-pumping geometry, the pump radiation from the laser diodes enters the 
gain medium transverse to the optical axis of the laser radiation, as shown on Fig. 1.3 
for the case of a side-pumped rod. However, pump absorption can be incomplete 
when a portion of the pump is transmitted through a small rod or slab [1.3]. Also, as 
the pump radiation enters from the side, there will be an asymmetry in the gain 
across the medium. To improve this situation, the gain medium can be pumped from 
multiple sides, and if necessary reflectors can be used to improve pump absorption 
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through multiple passes. Side-pumping of laser rods and slabs is easily scaled and 
does not usually require complex coupling optics. 
laser laser laser 
d iode d iode d iode 
808nm 808nm 808nm 
o 1 k-Gain medium 1 * 1064nm laser mode 
BM 
laser laser laser 
d iode d iode d iode 
808nm 808nm 808nm 
OC 
Fig. 1.3 E n d and side v i ew of a s i d e - p u m p e d rod laser; B M , back mirror; O C , output coupler 
Yong et al. have presented a diode-side-pumped two rod Nd:YAG laser with over 
l . lkW multimode output power [1.26]. They surrounded each rod with five diode 
arrays with 110 bars each. As is quite often the case in high power two rod laser 
systems, they incorporated a 90° quartz rotator between the two laser crystals for 
birefringence compensation [1.27]. 
Another side-pumping scheme is the slab laser design. In a slab laser that is pumped 
on one side and cooled on the opposite side, heat removal is simplified, and 
essentially one dimensional heat flow occurs. A drawback of the slab design over the 
rod is the possibility of parasitic modes in the crystal that deplete the stored energy. 
This problem can be alleviated by AR coating sides of the slab. [1.3] 
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Fig. 1.4 Zig-zag slab laser design 
In the slab design proposed by Martin and Chernoch [1.28], the laser mode takes a 
zig-zag path of total internal reflections (TIR) on the pump faces inside the crystal in 
the plane of the pumping to average out gain non-uniformities and reduce thermal 
lensing, an example of which is shown on Fig. 1.4. In this geometry, the flatness of 
the TIR surfaces is an important factor in determining the wavefront distortion of the 
beam after passing through the slab. Tzuk et al. have obtained 200W multimode 
from a diamond-cooled Nd:YV04 zig-zag slab [1.29]. 
1.4.3 Grazing-incidence (bounce) slab amplif ier geometry 
This thesis is based on the grazing-incidence or bounce amplifier configuration 
depicted on Fig. 1.5. It is a side-pumped slab design with a single grazing incidence 
total internal reflection first proposed by Bernard and Alcock [1.30, 31]. In the 
bounce geometry, a slab of material with a high absorption coefficient is side-
pumped from only one side, so that the inversion is concentrated in a small region 
behind the pump face. The laser mode makes a single grazing-incidence total 
internal reflection, or bounce, at the pump face, thus remaining in the region of 
highest gain throughout its passage through the slab. This results in very high gain 
laser systems with the added benefit of an averaging of gain and refractive index 
non-uniformities in the plane of the bounce, as can be seen in zig-zag designs. High 
power, high efficiency lasers have been presented with this design [1.32, 33]. A 
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more detailed description of the bounce amplifier geometry can be found in chapter 
B M 
O C 
VCLDE 
laser 
diode 
Fig. 1.5 Grazing incidence slab laser design; VCLd, diode focusing vertical cylindrical lens 
1.5 Thesis structure 
Chapter 2; "The crystals, their properties, and thermal loading" discusses the laser 
materials Nd:YV04 and Nd:YAG that are used in the experiments detailed in later 
chapters with respect to the physical, spectroscopic and optical properties of the 
crystals. Further, thermal effects in the crystals are explained with particular 
attention to quantum defect heating, upconversion, cross relaxation and excited state 
absorption and their effects on laser performance. 
In Chapter 3: "The bounce amplifier" the principles of operation of the bounce 
amplifier geometry are introduced. The crystal geometry, the pump design and the 
basic cavity layout are demonstrated. The properties and benefits of Nd:YV04 as the 
gain medium are explored. A gain study of l.lat.% doped Nd;YV04 in the bounce 
amplifier geometry is conducted to demonstrate the high gain of the system. The 
thermal effects are considered with respect to the cooling design and thermal lensing 
inside the crystal. The cavity stability is explored with regards to the intracavity 
thermal lens. 
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Chapter 4; "Laser operation at 1064nm with Nd:Vanadate crystals in the bounce 
geometry" presents experimental laser results from Neodymium doped Vanadate 
crystals in the bounce geometry at the 1064nm laser transition. Different cavity 
layouts are investigated for both multimode laser and TEMoo laser operation 
exploiting the thermal lens in the laser crystal. A semi-monolithic cavity is also 
presented and different power scaling methods such as diode stacks and MOPA 
systems are explored. Both CW laser operation with oscillator output powers of over 
lOOW multimode and almost 50W TEMoo is shown as well as pulsed laser operation 
with pulse repetition rates from as low as 20kHz to over IMHz. 
In Chapter 5; "1064nm highly dopedNd:YAG laser systems" the laser performance 
of highly doped Nd:YAG gain media in the bounce amplifier geometry is 
demonstrated. The chapter starts by discussing the different properties of highly 
doped Nd;YAG and gives an overview of laser performances achieved with highly 
doped Nd:YAG at 1064nm. It then continues by presenting laser results achieved in 
the bounce geometry with Czochralski grown 2at.% Nd:YAG under CW pumping, 
where 46W multimode and 39W TEMoo have been achieved at high efficiencies, as 
well as under pulsed QCW pumping. These results will then be compared with the 
bounce laser performance of similarly doped ceramic Nd:YAG and Nd:YAG grown 
by the temperature gradient technique. 
Chapter 6; "1.3jum laser operation of Nd:YV04 and Nd:YAG" investigates the 
bounce laser performance of Nd;YV04 and highly doped Nd;YAG at 1.3pm. Easing 
at 1342nm in l.lat.% doped NdiYVO^ is presented with 13.6W output power in 
multimode operation and 7.8W in TEMoo operation. Pulsed TEMoo operation with 
pulse repetition rates from 90 - 250kHz at almost 6W is also demonstrated. 
Furthermore, high power laser operation in Czochralski grown 2at.% doped 
Nd:YAG at 1.3 pm by use of the bounce geometry is reported. CW multimode output 
powers of 16.7W and Q-switched TEMoo output powers of over 9W with up to 
160kHz repetition rate are demonstrated. Simultaneous lasing at two lines in the 
1.3 pm manifold is investigated. A pulsed laser operating with alternating wavelength 
is presented for the first time. Quasi-continuous wave (QCW) operation with 5.5mJ 
pulse energy at lOOHz and Q-switching with 50ns pulse duration is also reported. 
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In the final Chapter 7; "Conclusions" an overview of the previous chapters is given 
together with an outlook on possible future work to extend the performance 
parameters of the bounce amplifier. 
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2. The crystals, their properties, and thermal loading 
2.1 Introduction 
The most important component of a laser system is the gain medium. This chapter 
discusses the laser materials Nd:YV04 and Nd:YAG, with respect to the physical, 
spectroscopic and optical properties of the crystals. In particular, diode-pumped 
solid-state laser systems are discussed with reference to output characteristics such 
as wavelength and output polarisation from these crystals. Further, thermal effects in 
the crystals are explained with particular attention to quantum defect heating, 
upconversion, cross relaxation and excited state absorption. The comparisons in this 
chapter are between Nd;YV04 and Nd:YAG doped at the same concentration of 
l.lat.% for the purpose of a direct comparison. The differences to the 2at.% doped 
Nd;YAG gain media used in the experiments presented in later chapters are 
explained in chapter 5. 
2.2 The laser crystals and their properties 
Probably the most widely used ion in laser systems is the rare earth ion Neodymium, 
Nd. Pure Neodymium is a silvery white, metallic solid from the Lanthanide group. It 
has been doped into at least 100 different host materials. The principal host materials 
are YLF (Yttrium Lithium Fluoride), glass, YAG and YVO4. Nd:YAG is one of the 
most widely used laser materials. [2.1] 
Successful lasing from Neodymium-doped Yttrium Aluminium Garnet 
(Nd^'^iYsAlsOn, Nd:YAG) was first reported by Geusic et al. in 1964 [2.2]. In doped 
crystals, some of the trivalent Yttrium in YAG is replaced with the trivalent 
Neodymium. Nd:YAG possesses a combination of properties that are favourable to 
laser operation such as its hardness, good optical quality and high thermal 
conductivity that helped it to become the widely used laser gain medium it is today. 
Neodymium-doped Yttrium Ortho-Vanadate (Nd:YV04) was first demonstrated as a 
laser gain medium and a possible alternative to the ubiquitous Nd:YAG by 
O'Connor in 1966 [2.3]. As in Nd:YAG, a small percentage of the Yttrium in YVO4 
is replaced with Nd atoms. Although the material was discarded early on due to 
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crystal growth problems, these problems have been overcome and the material has 
made a comeback with the emergence of diode-pumping due to attractive features 
including a high absorption of the 808nm pump wavelength and a large stimulated 
emission cross section [2.1]. 
Unlike Nd:YAG, which is optically isotropic, Nd:YV04 is a uniaxial crystal. The c-
axis, which is the vertical axis on Fig. 2.1, consists of a series of chains where each 
or Nd^ "^  ion bonds with two separate Os-ions in each VO4 group. In the a- and b-
directions, only one bond exists in each direction. The stronger bonding in the c-
direction gives the crystal its uniaxial nature, with the c-axis being unique and the a-
and b-axes being indistinguishable. This disparity between the different directions in 
the crystal lattice makes Nd:YV04 a birefringent crystal, which affects most 
properties of the crystal [2.4], as discussed in the following sections. 
VO4 Group 
# 
y 3 -
o 
o-
Fig. 2.1 YVO4 crystal structure, with a vertical c-axis [2.4-6] 
The doping of the crystal hosts results in a change in the crystal structure due to the 
difference of about 11% in ion size between Nd^ "^  and Y^ "^  [2.7], and a large change 
in the electronic structures of the ions due to the field interaction with the host 
crystal. Alterations of the physical properties of the crystal are caused by the 
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mechanical differences, but the spectroscopic and optical properties of the material 
are influenced by the electronic configurations. 
2.2.1 Physical properties 
The physical properties of a gain medium are an indicator for how easy it is to work 
with the material. They are a major factor determining the choice of a laser material. 
The main physical thermal properties are listed in Table 2.1. 
Nd.YVO* NdiYAG Units 
Thermal conductivity Kc 
Ka 
5.10 
5.23 
14 Wm"V"^ 
Specific Heat Capacity c 0.8 0.59 Jg-'K-' 
Density p 4.24 4.56 g cm"^  
Thermal expansion ^Tc (%Ta 
8.4 
2.2 
8.2 10"®K"^  
Table 2.1 Physical properties of 1.1% doped NdiYVO^ and Nd: YAG [2.1] 
A very important property of the crystal for high power operation is the thermal 
conductivity. Due to the birefringence of the crystal, the thermal conductivity in 
Nd;YV04 is weakly dependent on the propagation direction with values of Kc = 
S.lOWm'^K"' and Ka = 5.23Wm"'K"' along the c- and a-axis, respectively. These 
values are almost just a third of the thermal conductivity of Nd: YAG of 14Wm"^K"'. 
Because of the reduced thermal conductivity there will be larger thermal gradients in 
Nd;YV04 than there are in Nd:YAG. This is somewhat offset by the higher specific 
heat in Nd;YV04 of 0.8 Jg"'K"' compared to 0.59 Jg"'K"' in Nd:YAG. However, 
since the refractive index of the material is a function of the temperature, the 
temperature gradient will cause a refractive index gradient which in turn gives rise to 
a thermal lens that can affect the laser mode. This is discussed in more detail in the 
later section on optical properties of the crystal. 
Another physical property that can also have an optical effect is the thermal 
expansion of the crystal. Along the c-axis, Nd:YV04 has a similar thermal expansion 
coefficient to that of Nd:YAG, 8.4 x lO'^ K"' and 8.2 x 10"^K"', respectively. The 
thermal expansion along the a-axis of Nd: YVO4 at 2.2 x 10"^ K"' is almost a quarter 
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of that along the c-axis. The thermal expansion coefficient can give rise to stress 
within the crystal as well as bulging effects at the crystal faces. This effect is 
negligible at low powers but can cause serious problems at high powers. Bulging can 
lead to lensing effects from the distorted surfaces and in extreme cases to structural 
failure and blowouts of the rod ends. It is a serious design challenge for high power 
end-pumped rods. One strategy to compensate for this problem is the use of un-
doped end caps on the rod [2.8]. 
2.2.2 Spectral properties 
Both Nd;YV04 and Nd;YAG have main lasing transitions near l|im and 1.3|im that 
are 4-level systems. It is also possible to operate them as quasi-3-level systems 
obtaining wavelengths around 900nm [2.9] as shown on Fig. 2.2. The ground level in 
both crystals is the %/2 energy level. From here they are commonly pumped with an 
808nm laser diode up to the "^ ¥5/2 pump band. From there they transition through a 
fast non-radiative decay down to the meta-stable level, which is the upper laser 
level. From here, the transition with the highest stimulated emission cross section is 
the 1064nm transition down to the '^ Ii 1/2 level. From the ^Iii/2 level another fast non-
radiative transition to the %/2 ground level makes the 1064nm laser an efficient 4-
level system. 
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Fig. 2.2 Energy level diagram for Nd:YAG and NdiYVO^ with main transitions [2.1, 6 ,10 | 
As previously stated, the crystals are usually pumped at 808nm. Both crystals are 
strongly absorbing at that wavelength. Fig. 2.3 shows the transmission spectrum for 
Nd:YV04. As can be seen there is a strong absorption line near 808nm but there are 
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other strong absorption lines around 750nm and 600nm, however pumping those 
would lead to increased thermal loading due to the larger quantum defect and there 
are no suitable high power diodes available at these wavelengths. There are several 
different definitions for the term quantum defect. I will use the definition that it is the 
mismatch between pump photon and emission photon energy. When expressed as a 
percentage in terms of pump and emission wavelength this is given by 
quantum defect = ( 1 - - '100% (2.1) 
em y 
The quantum defect for pumping at 808nm and lasing at 1064nm is 24%. This means 
that at least 24% of the pump power goes directly into heat in the crystal. To 
decrease the quantum defect, it is possible to pump the crystal directly to the upper 
laser level which is a doublet, with radiation around 880nm, resulting in a 
reduced quantum defect of about 17% [2.11], However, the absorption coefficient is 
much smaller at 880nm than it is at 808nm. Also, there is a good availability of high 
power pump diodes at 808nm. Because of this pumping at 808nm is much more 
common than pumping directly to the upper laser level. 
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Fig. 2.3 Transmission and fluorescence spectra for NdiYVO^ 12.12] 
The upper state lifetime of the two materials differ significantly, as can be seen in 
Table 2.2. Nd:YV04 has an upper state lifetime of only 90^s, whereas Nd;YAG has 
a 230|j,s lifetime. A longer upper state lifetime means that the crystal can store the 
pump energy for longer, which is useful for high energy pulsed operation e.g. at low 
repetition rate Q-switching. 
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As can be seen from the fluorescence spectrum of Nd;YV04 on Fig. 2.3, the above 
mentioned 1064nm '^l\\a transition shows the strongest fluorescence. There are also 
reasonably strong transitions to the '^ 113/2 level at around 1.3p,m. Whereas Nd;YV04 
has only one main transition in this region, Nd:YAG has two strong transitions of 
almost equal cross sections. 
Nd:YV04 Nd:YAG Units 
Absorption coefficient 
@808nm 
CCQ 31 
10 8 cm"' 
Absorption cross section@808nm ^abs 2.7 0.7 1 0 ' ' W 
Lifetime % 90 230 l^ s 
Stimulated emission cross section 
@1064nm 
Cc 
Oa 
12 
7 
2.8 10"'^ cm^ 
Stimulated emission cross section 0'1319 
<^ 1338 
3 
&90 lO'^ ^cm^ 
Table 2.2 Spectroscopic properties of 1.1% doped NdiYVO^ and Nd:YAG [2.1,12-15] 
As illustrated on Fig. 2.2, the Nd:YV04 transition happens at 1342nm and goes 
down to the X2 Stark level of the '^ 1,3/2 energy level. It has a stimulated emission 
cross section of 3 x lO'^ ^cm ,^ similar to that of Nd:YAG at 1064nm. In Nd:YAG, the 
transitions with the strongest emission cross sections lie at 1319nm and 1338nm to 
the Xi and the X3 energy levels, respectively. They both have stimulated emission 
cross sections between 0.9 x lO'^ ^cm^ and 1 x 10"'®cm ,^ with the 1319nm transition 
the slightly stronger one. 
It is also possible with Nd:YV04 and Nd:YAG to lase in the 900nm range. The 
strongest transitions are to the Z5 sublevel of the ''I9/2 manifold at 914nm for 
Nd;YAG and 946nm for Nd:YV04. However, this is a quasi-3-level system since the 
level manifold is also the ground level. Therefore, it is more difficult to achieve 
inversion at these wavelengths since the lower laser level is thermally populated. 
Since Nd:YV04 is a birefringent crystal and has highly asymmetric stimulated 
emission cross sections, the lasing radiation tends to be strongly polarised. In this 
case it is u-polarised parallel to the c-axis that has the highest gain coefficient. 
Polarised output is important in some applications e.g. high conversion efficiencies 
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in second harmonic generation. As opposed to Nd:YAG, which is isotropic, the 
natural birefringence of vanadates means that thermally induced birefringence does 
not adversely affect the performance of high power Ndrvanadate lasers [2.16, 17]. 
2.2.3 Optical properties 
The optical properties of the crystals are the final factor determining the behaviour of 
the crystal as a laser medium. The most important of these properties are listed in 
Table 2.3. 
Nd:YV04 Nd:YAG Units 
Refractive Index 
@1064nm 
nc 
Ha 
2.16 
L95 
dn/dT (diVdT), 
(dn/dT)a 
3 
8.6 7.3 lO'^ K'^  
Table 2.3 Optical properties of 1.1% doped Nd:YV04 and Nd; YAG [2.1] 
With refractive indices of n^  = 2.16 and n^  = 1.95 NdiYVO^ has larger refractive 
indices than Nd:YAG with isotropic value n = 1.82. It is also apparent that the 
birefringence is quite strong in NdiYVO^ with a value of nc - % = 0.21. Because of 
the different refractive angles of the two polarisations at the crystal-air interface, it is 
possible to design a cavity so that alignment should only be suitable for one 
polarisation, with the other polarisation suffering large losses due to the 
misalignment. This, together with the polarisation dependent stimulated emission 
cross sections, makes it possible to achieve highly polarised laser output from a 
Nd:YV04 laser system. [2.4] 
The thermo-optic coefficient, dn/dT, denotes the change of refractive index with 
temperature, which is a major factor determining the strength of the thermal lens 
induced in the crystal. As Table 2.3 shows, with a dn/dT of 7.3 x lO'^ K"' Nd:YAG 
has a thermo-optic coefficient more than twice as large as that of Nd:YV04 in the c-
direction of 3 x lO'^K"'. However, as previously stated, Nd;YAG has a much larger 
thermal conductivity than Nd:YV04. Since thermal lensing effects scale as the ratio 
dn/dT : K, under similar pumping and cooling conditions this ratio indicates that 
Nd:YAG should have a similar thermal lens to Nd:YV04. 
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The previously mentioned thermal expansion property has an additional effect on the 
laser characteristics apart from contributing to the thermal lensing. It also introduces 
the problem of stress induced birefringence of the crystal. Thermal expansion 
describes the expansion of the crystal due to temperature. Due to the areas of 
different temperatures in the crystal, stresses are introduced in the crystal when the 
hot parts of the crystal try to expand and are constrained from doing so by the cooler 
parts of the crystal. These stresses, through the photoelastic effect, result in 
variations in the refractive index in the crystal, which creates a stress induced 
birefringence in the crystal. In Nd:YAG, this results in depolarisation of the laser 
beam. In Nd:YV04, however, this effect would be negligible compared to the large 
natural birefringence of the crystal. [2.1] 
2.3 Thermal loading in solid-state lasers 
As previously mentioned, not all of the pump energy delivered to the crystal is 
converted into optical output from the system. Several mechanisms exist that can 
lower the efficiency of the system through a reduction of the inversion and usually 
result in the production of heat within the gain medium. 
Depending on the active dopants used in the gain medium, a large contribution to the 
heating of the crystal and a fundamental limiting factor on the efficiency of the laser 
system is the quantum defect. As mentioned earlier, in Nd:YAG, Nd;YV04 and 
other Nd doped laser gain media, there is non-radiative relaxation from the pump 
bands to the upper metastable level and from the lower laser level to the ground state 
[2.18]. In these transitions, the mismatch in energy between the pump radiation and 
the laser emission of the system is deposited in the gain medium through the 
excitation of phonons within the gain medium which increase the kinetic energy 
within the crystal and effectively heat it up. There are different ways to reduce the 
quantum defect. As previously mentioned, one way would be to directly pump into 
the upper laser level [2.19, 20]. Another option would be to use different dopant 
materials like Ytterbium, which has a much reduced quantum defect, instead of 
Neodymium [2.21]. 
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Another mechanism for increased heating is Auger or energy transfer upconversion 
(ETU) [2.22-24], which is illustrated in Fig. 2.4. This process starts with two 
neighbouring ions in the upper laser level One ion drops to the ground state, 
transferring energy to its neighbour which is promoted to a higher excited state. The 
excited ion then relaxes down to the level mostly via multi-phonon emission. 
Therefore, energy transfer upconversion leads to a reduction in the gain and the 
upper state lifetime and heating of the crystal. The relaxation might also occur 
radiatively, and this may be observed through fluorescence in the crystal at higher 
frequencies than the pump radiation, often in the visible range. Since energy transfer 
upconversion relies on the presence of two excited ions in close proximity, it is 
dependent on the doping concentration and the pumping intensity. Indeed the rate of 
ETU is proportional to the square of the inversion density, N. At low doping 
concentrations and low pumping, the heating effect from Auger upconversion is 
negligible compared to the quantum defect heating. However, with increasing doping 
concentration and increased pumping intensities the thermal loading due to Auger 
upconversion can become as significant as the heating due to the quantum defect. 
Also, in a cavity, extraction of the population inversion N in the gain medium due to 
lasing reduces the upconversion. Therefore, Auger upconversion and the heat 
induced effects can differ significantly under lasing and non-lasing conditions. 
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Fig. 2.4 Auger upconversion for radiative and non-radiative relaxations; Eo - Ej, laser levels; E4, 
excited level; Vp, pump radiation; v„, upconversion emission; straight lines, radiative 
transitions; wavy lines, non-radiative transition; dashed line, dipole interaction [2.23] 
A similar mechanism is cross relaxation which involves interaction of neighbouring 
ions of which one is excited and one is unexcited [2.23, 25]. Here part of the 
excitation energy of the excited ion is transferred to the unexcited ion so that both 
end up in an intermediate excited state. The ions then dissipate their energy via fast 
multi-phonon relaxations to the ground state. This process is illustrated in Fig. 2.5. 
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Fig. 2.5 Cross relaxation between two neighbouring ions; Eq - E3, laser levels; Vp, pump 
radiation; straight lines, radiative transitions; wavy lines, non-radiative transition [2.23) 
A further mechanism is excited state absorption (ESA) where ions already in an 
excited state are further excited radiatively to an even higher energy level [2.22]. 
This can occur through two mechanisms, depicted in Fig. 2.6. Either the secondary 
absorption of another pump photon or the absorption of a laser photon can promote 
the ion to a higher energy level. From there the ion can decay back to the ground 
level or the upper laser level through a combination of radiative and non-radiative 
transitions, with the radiative transitions observable as fluorescence and the non-
radiative transitions again depositing heat in the gain medium. If it is the pump 
radiation that is absorbed, this leads to a reduction in the gain and fluorescence 
lifetime. If absorbed laser radiation is the cause, the gain and fluorescence lifetime 
are unaffected, but the output power is reduced through this loss mechanism. 
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Fig. 2.6 Excited state absorption in the case of laser photon and pump photon absorption; Eo -
Ej, laser levels; Vp, pump radiation; straight lines, radiative transitions; wavy lines, non-
radiative transition 
Both energy transfer upconversion and cross relaxation are the result of dipole-
dipole interactions of neighbouring ions. As such, the probability of these processes 
occurring will be dependent on to the doping concentration and the propensity of the 
material of forming concentration clusters. The interaction is short range and is 
therefore negligible at low doping concentrations where ions are relatively separated, 
and only quantum defect heating and excited state absorption need to be considered. 
For high doping concentrations and high inversion densities, the energy 
upconversion processes can dominate. 
According to Kiick et al. the main relevant excited state transitions for Nd:YAG are 
at the overlap between the stimulated emission transition in the 1.3p,m range from 
the '^ F3/2 level to the level and the ESA transition to the level [2.26]. 
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However, the overlap is not exact, so the cross section for excited state absorption is 
very small. The group also comments in another paper on the ESA performance of 
Nd;YV04 [2.27]. ESA around the pump and the 1064nm laser transition is 
negligible, especially given the high emission cross section. However, there is a 
good overlap between the 1342nm laser transition and the ESA transition to the ^67/2 
level and they state that the ESA with an estimated cross section of 5 x lO'^ ^cm^ 
seriously harms the laser performance at this wavelength. 
Heat generation in Nd:YV04 at 1342nm has been studied experimentally by Okida et 
al. They found that in a l.lat.% doped Nd:YV04 bounce laser at 1342nm the 
thermal lens in the crystal is stronger under lasing conditions than it is under non-
lasing conditions by a factor of 1.3 [2.28, 29]. They attributed this to the effect of 
excited state absorption of the lasing emission. Blows et al. investigated the heat 
generation in Nd:YV04 at 1064nm [2.30]. They did not find a strong influence of 
excited state absorption at this wavelength and lasing reduced the thermal lens power 
compared to non-Iasing conditions. This also concurs with Okida's findings; he 
reported a ratio of lasing to non-lasing thermal powers of 0.7 at 1064nm. In 
Nd:YAG, the ratio of thermal lens powers under lasing and non-lasing conditions 
have been found to be as low as 0.5 at 1064nm [2.18, 31]. 
2.4 Summary 
This chapter first introduced the laser crystals Nd:YV04 and Nd:YAG and discussed 
the physical, spectroscopic and optical properties. The materials were explored with 
emphasis on efficiency and output characteristics such as wavelength and output 
polarisation. In the section on thermal effects in the crystals different thermal loading 
mechanisms were explained with their relevance to the laser performance of the two 
materials at l|xm and 1.3p,m. 
First, a quick introduction was given to Nd;YV04 and Nd:YAG. It was shown that 
lasing had been demonstrated in both materials by the mid 1960s, even though 
Nd;YV04 did not really take off as a laser gain medium until the widespread arrival 
of pump diodes. The main properties of the two materials were summarised and a 
brief overview of their main advantages was given. The origin of the birefringence of 
Nd:YV04 was also covered. 
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The physical properties of the crystals such as thermal conductivity and thermal 
expansion were discussed together with their limiting effects on laser operation due 
to for example thermal lensing and crystal fracture due to stress. The main energy 
levels and laser transitions of Nd:YV04 and NdiYAG were discussed with the 
relevant absorption and emission properties. Finally the optical properties such as 
refractive index and its variation with temperature and their implications for high 
power laser operation were considered. 
In the last section of this chapter, different heating mechanisms of the crystals were 
described. Quantum defect heating, Auger upconversion, cross relaxation and 
excited state absorption were explained and cross section measurements were 
compared with experimental studies on thermal lensing in Nd:YV04 and NdrYAG 
under non-lasing conditions and lasing at 1064nm and l.Spm. 
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3. The Bounce Amplifier 
3.1 Introduction 
This chapter introduces the principles of operation of the bounce amplifier geometry. 
The crystal geometry, the pump design and the cavity layout are demonstrated. The 
properties and benefits of Nd;YV04 as the gain medium are explored. A gain study 
in Nd;YV04 is conducted in the bounce amplifier geometry. The thermal effects are 
considered with respect to the cooling design and thermal tensing inside the crystal. 
The cavity stability is explored with regards to the intracavity thermal lens. 
3.2 The bounce idea 
The bounce laser design was first proposed by Bernard and Alcock in 1993 [3.1]. 
They originally called this design the "grazing incidence slab laser (GISL)" [3.2]. 
Later, this research group under Prof Mike Damzen took the design idea and 
developed it further, as well as renaming it to the catchier "bounce" amplifier [3.3-
6]. It is essentially a single-side diode-pumped slab laser with only a single total 
internal reflection (TIR). A key feature of the design is a shallow incidence TIR 
angle, typically 6b < 10°, see Fig. 3.1, to deliver high efficiency laser operation with 
good beam quality. 
top view 
laser mode 
diode lens[ 
front view 
808nm 
diode 
Fig. 3.1 Bounce amplifier layout with top and front view of crystal; TIR, total internal 
reflection; grey shaded area, pump radiation; red shaded area, gain region; dj , dy, d„ 
dimensions of gain region 
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A major source of inefficiency in side-pumping schemes can be that the pump light 
is absorbed preferentially near the surface, while the laser mode is located in the 
interior of the active medium [3.1]. A zig-zag design [3.7] where the laser mode 
makes a series of total internal reflections at the crystal-air interfaces of the slab gain 
medium can access the gain close to the surface and it can average out gain 
inhomogeneities in the plane of pumping. The slab design also allows simple heat 
sink design through conduction cooling of the flat top and bottom faces. [3.8] 
For optimum performance the bounce amplifier requires gain media with high pump 
absorption leading to an intensely inverted region near the pump face with dimension 
dx ~ l/tta, where aa is the absorption coefficient, see Fig. 3.1. Together with intense 
diode pumping along one side face of the slab and using a material with high 
stimulated emissions cross section this can create a very high inversion density with 
high gain behind the pump face. The vertical dimension (dy) of the gain line along 
the pump face is controlled through focusing of the pump diode with a cylindrical 
lens as shown on Fig. 3.1. The laser mode experiences a total internal reflection at 
the pump face at grazing incidence angle 0b of only a few degrees with respect to the 
pump face. This allows the laser mode to stay within the region of highest gain 
through most its passage through the gain medium and results in high gain and high 
efficiency laser systems. The TIR also flips the beam in the plane of the bounce 
averaging out gain and refractive non-uniformities in the depth of the crystal so that 
all parts of the beam experience similar gain, making it possible to obtain high 
quality laser amplification. The name "bounce amplifier" is derived fi-om the single 
grazing incidence reflection or "bounce" at the pump face. 
3.3 The bounce amplifier design 
The main gain medium used in the bounce geometry has been Nd;YV04 because of 
its high absorption and high stimulated emission cross section. Nd;GdV04 has also 
been used [3.5], and recently highly doped Nd:YAG has become available as an 
efficient gain medium in the bounce geometry [3.6, 9, 10]. Because of its dominance 
and for simplicity, this chapter will largely refer to the Nd:YV04 crystal as the gain 
medium. 
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The crystals used are typically l.lat.% doped Nd:YV04 crystals with dimension of 
20 X 5 X 2mm^ and angled end faces. The angling of the end faces prevents unwanted 
parasitic self-lasing within this very high gain crystal. Fig. 3.2 shows a bounce cavity 
layout for two different end face cuts of the laser crystal. For end face cuts of a few 
degrees, shown at the top on Fig. 3.2, refraction leads to a pronounced V-shaped 
cavity for a typical internal bounce angle of 7°. Most Nd:YV04 laser systems 
presented here have 14° cut end faces which allows for a linear cavity around the 
crystal with a 7° internal bounce angle, as depicted at the bottom on Fig. 3.2. The 20 
X 2mm^ pump face is AR coated for the 808nm pump radiation and the 5 x 2mm^ 
emitting end faces are AR coated for the lasing wavelength, usually 1064nm or 
1342nm in the case of Nd:YV04. The crystal is a-cut, meaning that the 
crystallographic a-axis is running horizontally along the 20mm dimension of the 
crystal, and the c-axis is running vertically. 
BM OC 
VCL VCL Nd:YVO 
Nd:YVO 
BM VCL VCLo VCL OC 
808nm 
aser 
diode 
Fig. 3.2 Bounce cavity layout for 5° cut end faces, top, and 14° cut end faces, bottom; VCL, 
vertical cylindrical lenses; BM, back mirror; OC, output coupler; Li, L2, cavity arm lengths 
The crystal is conduction cooled on the large 20 x 5mm^ top and bottom faces to 
remove the heat from the diode pumping. Cooling is done with metallic heat sinks, 
usually copper, with thin indium foil between the crystal and the metal heat sink to 
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improve thermal conduction across the interface. The metal heat sink is cooled 
through a continuous water flow at a constant temperature. This means that heat 
transfer occurs predominantly in the vertical direction in the crystal. This results in a 
strong temperature gradient from the centre of the crystal, where it is pumped, to the 
top and bottom cooling faces. Because of this there can be a considerable thermal 
lens in the vertical direction in the crystal, especially at high pump powers. 
The crystal is pumped with 808nm diode bar lasers, with fast axis collimating lenses 
whose radiation is focused onto the crystal with a vertical cylindrical lens (VCLD) to 
form a line focus on the pump face. The diode bar radiation is single mode vertically 
and highly multimode horizontally. The vertical size of the pump region on the 
crystal depends on the fast axis collimation of the diode and the diode focussing lens 
used. With a 12.7mm focal length lens the size is -lOOpni. The choice of diode 
focusing lens is governed by the oscillator output performance and is a compromise 
between oscillator conversion efficiency and thermal effects in the crystal, which 
both increase with tighter focusing. Also, diode stacks require physically larger 
lenses to collect all the bars. To access the highest absorption coefficient in the 
crystal the pump radiation needs to be polarised parallel to the c-axis of the crystal. 
This can be achieved by using diodes with TM polarisation or TE polarised diodes 
together with a half wave plate. A high inversion density is produced by the strong 
focusing of the pump on the crystal and the high absorption coefficient of the crystal. 
In l.lat.% doped Nd;YY04 the absorption coefficient is quoted as Oc = 30cm"'. 
Therefore the gain region lies within a very shallow region of ~ 300pm behind the 
pump face. 
The efficiency of the laser system strongly depends on the characteristics of the 
pump diode. For optimum conversion efficiencies the diode bar needs to be as 
straight as possible because a curved pump profile would reduce the overlap between 
the gain region and the laser mode. Usually a bar with a so called "smile" of less 
than 3)Lim is required. It is also important that the diode spectrum is matched to the 
absorption spectrum of the crystal. For Nd:YV04 this means that the spectral 
FWHM width of the diode emission needs to be around 2nm, corresponding to the 
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absorption bandwidth of Nd:YV04. For Nd;YAG with its smaller absorption 
bandwidth this requirement becomes even more stringent. 
The bounce geometry is designed to access the region of high gain behind the pump 
face. As shown on Fig. 3.2, the laser mode approaches the pump face at a grazing 
incidence of normally around T and does a total internal reflection at the pump face, 
thus accessing the area of highest gain in the system. The bounce also facilitates 
spatial averaging of gain and refractive index non-uniformities within the bounce 
plane of the crystal, improving the beam quality. 
As illustrated in Fig. 3.2, the laser cavity is usually formed on one side of the crystal 
by a high reflectivity (R = 100%) back mirror (BM) at a distance Li from the crystal 
and on the other side by a partially reflective output coupler (OC) at a distance 
from the crystal. There are two intracavity vertical cylindrical lenses (VCL) on either 
side of the crystal to match the laser mode to the small gain region in the vertical. 
The laser radiation from the oscillator is vertically polarised parallel to the c-axis of 
the crystal. 
3.4 Characterisation of small signal gain in the bounce 
geometry 
In this section the results of a study of the small signal gain of NdiYVOi in the 
bounce geometry are presented. 
A 14° cut l.lat.% doped Nd;YV04 crystal was used as the gain medium for this 
investigation. The crystal was pumped with a 40W diode and the pump radiation was 
vertically focused with a 12.7mm focal length cylindrical lens (VCLD). The setup, 
shown on Fig. 3.3, consists of a low power 1064nm probe beam from a commercial 
300mW CW laser entering the crystal through an f = 50mm vertical cylindrical lens 
(VCL) to match it to the small gain region. Another VCL after the crystal collimates 
the beam vertically. A half-wave plate together with an optical isolator was used to 
adjust the power of the probe beam entering the amplifier and to protect the seed 
laser from amplified spontaneous emission coming back from the amplifier. The 
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beam is vertically polarised on entry to the crystal, accessing the high gain c-axis 
stimulated emission cross section. 
/ 
1064nm 
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laser 
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Fig. 3.3 Layout for gain study in Nd:YVO^ bounce amplifier; VCL, vertical cylindrical lens 
The relevant interaction angles are shown on Fig. 3.4. The external angle 9ext 
between the beam and the crystal front face can be calculated for a given bounce 
angle Gy using Snell's Law 
M, sin(^, - ^6) = "i sin(^c - ) (3 1) 
where 8c is the angle of the end faces (14°), n* is the refractive index of Nd;YV04 
(-2.17) and ni is the refractive index of air (~1). As mentioned earlier, for a 7.6° 
internal bounce angle the 14° cut of the laser end faces leads to an external angle of 
0° which allows easier cavity layout in a linear configuration. By way of example, 
the external angles for bounce angles 0b of 10° and 5° are Gext = 5.3° and -5.8°, 
respectively. 
Fig. 3.4 Refraction angles of probe beam; 8^, internal bounce angle; 8^ ,^, external beam angle; 
9c, crystal cut angle 
The gain of the amplifier was studied for an external angle Ggxt = 0° (bounce angle Gy 
= 7.6°). The amplified probe power was measured on a power meter (Pa) and the 
gain measured as G = Pa/Pi, where P, is the power measured without pumping. Fig. 
3.5 shows the gain of the amplifier as a function of probe power for several different 
pump powers at a bounce angle of 7.6°. For a decreasing probe power the gain 
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asymptotically approaches the small signal gain. The maximum small signal gain 
was about 11000 for 35W of pumping. 
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Fig. 3.5 Gain measurement in a l . la t .% NdiYVO^ bounce amplifier for different amplifier 
pump powers at a bounce angle of 7.6° 
Fig. 3.6 shows the small signal gain as a function of pump power for different 
bounce angles. It can be seen that the gain increases with decreasing bounce angle. 
The gain increases from about 4700 at a 10° bounce angle to about 28000 at a 5° 
angle. The highest gain would be seen by a beam parallel to the pump face. 
However, for very small bounce angles the input beam is clipped by the edges of the 
crystal, and the beam would also see the absorption profile of the pump into the 
crystal, which would adversely affect the beam quality. There is also strong 
amplified spontaneous emission at small bounce angles, especially at low gain 
extraction, which makes it difficult to measure the gain accurately. Empirically, it is 
found that a bounce angle of about 7° is a good compromise between gain and beam 
quality. 
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Fig. 3.6 Estimated small signal gain in a l . lat .% Nd:YV04 bounce amplifier as a function of 
pump power for different internal bounce angles 
3.5 Cavity stability 
Because of the side-pumped slab geometry, the thermal leasing in the bounce 
amplifier will be different in the vertical and the horizontal directions. Since the 
crystal is cooled on the large top and bottom faces, there is a strong thermal gradient 
from the pump region in the middle of the crystal to the cooled faces, which results 
in a strong thermal lens. However, this lens is partially compensated for by the small 
waist size in the vertical through the use of the two intracavity vertical cylindrical 
lenses. 
The effect of the horizontal thermal lens however can easily be observed in the case 
of the asymmetric TEMoo cavity, where the output coupler arm length is larger 
than the back mirror arm length Li. It is the changing thermal lens in the horizontal 
that causes the dip in output power in the power curve of the asymmetric oscillator 
as it goes in and out of stability, as discussed in the next chapter. 
The dioptric power of the thermal lens increases with increasing pump power. Magni 
[3.11] describes the analysis of the stability regions of a cavity with an internal 
thermal lens and how this can then be illustrated on a stability diagram. 
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With Li and Lz being the cavity arm length from the crystal to the back mirror and 
the output coupler, respectively, the total cavity length is 
L - L ^ + L j (3.2) 
and the effective length U [3.12] becomes 
['= Z;, 4 JL, (3.3) 
The effective g parameters are given by 
U (3.4) 
(3.5) 
where Ri and R2 are the radii of the two cavity mirrors and f is the focal length of the 
thermal lens. Most cavities presented here use flat mirrors which means that Ri = R2 
= 00, which simplifies equations 3.4 and 3.5 to 
ft=l-y (3.6) 
(3.7) 
The resonator stability condition is given as 
Ocj&ugz < 1 (3 8) 
and g2 can be plotted as a function of gi as shown in Fig. 3.7. The two stability 
regions are the shaded areas I and II. The solid line shows the direction of increasing 
thermal leasing. It can be seen that the cavity goes through a region of instability 
between points B and C. The dashed line represents the case of symmetric cavity 
arms. This shows that the cavity does not go out of and back into stability as it does 
in the asymmetric cavity but remains continuously stable up to high pump powers. 
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Fig. 3.7 Stability diagram for cavity with internal thermal lens 
The dioptric powers at the different points can be evaluated with Magni's analysis. 
For simplifying the analysis and presentation, it is better to use the dioptric power D 
of the thermal lens which is the inverse focal length 
Z) = — 
/ 
This allows the g parameters to be written as 
gi=\- DL^ 
g , = l - D Z , 
Other variables that are convenient to use for the analysis are 
Wj — Zj 
— Lr , _ 6 
R. 1 J 
For the edges of the stability zones, the following values for D are obtained 
Point A Z) = 0 forg]g2=l 
Point B 
Point C 
D = — for gi = 0 
D = — for g2 = 0 
Ly 
(3.9) 
(3.10) 
(3T1) 
(3.12) 
(3T3) 
(3.14) 
(3.15) 
(3.16) 
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Point D Z) - — + — for gig2 - 1 
Lj (3.17) 
This shows that with no diode pumping, and therefore no heat loading, there is no 
thermal lens and the plane-parallel cavity would produces a collimated beam within 
the oscillator (point A on Fig. 3.7 and Fig. 3.8). As the dioptric power increases with 
pump power, the focal length of the thermal lens will eventually become equivalent 
to the distance between the crystal and the furthest reflector which is the output 
coupler in this case (point B). At that point the cavity reaches the end of the first 
stability region. As the dioptric power increases further, the cavity becomes unstable 
until the second stability region is reached when the focal length of the thermal lens 
becomes equal to the distance between the crystal and the closest reflector which is 
the back mirror (point C). The cavity remains stable until the thermal lens becomes 
strong enough that the laser mode forms waists at both reflectors (point D), after 
which the cavity becomes permanently unstable for increasing pump power. 
BM O C 
4 • 
A 
B 
Fig. 3.8 Effect of thermal lens on horizontal mode propagation. BM, back mirror; G, gain 
medium; OC, output coupler; Li and L-,, arm lengths 
The pump powers at which the cavity becomes unstable and returns to stability in the 
case of the asymmetric cavity can be chosen by adjusting L, and L^. This also 
changes the angle of the stability path on Fig. 3.7. For higher pump powers and 
stronger thermal lensing, smaller and smaller values of L, are required to extend the 
second stability zone in terms of pump power. 
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It is also possible to calculate the horizontal spot sizes, defined as the radius at which 
the electric field amplitude is down by 1/e from the maximum, of the beam on the 
mirrors, coi and 002 and on the lens, 03 [3.8, 11-14]. The spot sizes on the mirrors are 
given by 
vg2 ( i -&g2) 
and the spot size in the gain medium is given by 
& (3.19) 
( l -&g2)&g2 
with A, being the laser wavelength. It is then possible to plot the spot size as a 
function of dioptric power, as shown on Fig. 3.9 for the case of Li = 10cm and £2 = 
25cm at 1064nm wavelength. The figure clearly shows the two stability regions. The 
calculated minimum spot size in the gain medium of about 400|im is similar to the 
absorption depth of the pump radiation of about 330|im. 
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Fig. 3.9 Horizontal spot sizes as a function of dioptric power of the crystal thermal lens for an 
asymmetric cavity with LI = 10cm, L2 = 25cm, X = 1064nm 
3.6 Summary 
This chapter introduced the bounce amplifier design. The principles of operation of 
the bounce geometry and the advantages inherent in this design were described and 
details of the crystal and cavity arrangement were given. A gain study in a bounce 
geometry amplifier was conducted and the stability conditions in a bounce cavity 
with respect to thermally induced intracavity lensing were explored. 
The bounce amplifier was described as a side pumped slab design with a single total 
internal reflection at grazing incidence. For efficient performance it requires a gain 
medium with a high pump absorption cross-section. The shallow gain region and the 
single grazing incidence total internal reflection contribute to a high gain and good 
extraction efficiency. The bounce also averages out gain inhomogeneities for good 
beam quality. 
The laser system was described with details of the crystal cut, the cooling 
arrangement and the pump delivery. The restrictions on the pump diode 
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characteristics for optimum laser performance in terms of spectral width and 
straightness of the laser bar were explained. A standard cavity layout with intracavity 
vertical cylindrical lenses around the gain medium was outlined. 
A gain study in a l.lat.% doped Nd;YV04 amplifier crystal with a 14° cut was 
conducted with a 40W pump diode. The gain for internal bounce angles of 5°, T and 
10° was investigated over a range of different probe and pump powers. The small 
signal gain was found to increase with decreasing bounce angle and a maximum 
small signal gain of 28000 for 35W pumping at a 5° angle was obtained. 
The cavity stability of the bounce geometry was explored in the case of an 
asymmetric cavity with respect to a horizontal thermally induced lens in the gain 
medium. It was found that the cavity has two stability regions. The region of 
instability between the two can be set through appropriate choice of the cavity arm 
lengths. For TEMoo operation the cavity is operated in the second stability region. 
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4. Laser operation at 1064nm with Nd:Vanadate 
crystals in the bounce geometry 
4.1 Introduction 
This chapter presents laser performance from Neodymium doped Vanadate crystals 
in the bounce geometry at the 1064nm laser transition. Different cavity layouts are 
investigated for both multimode laser and TEMoo laser operation exploiting the 
thermal lens in the laser crystal. A semi-monolithic cavity is also presented. Both 
CW and pulsed laser operation is shown with pulse repetition rates from as low as 
20kHz to over IMHz, together with some results on second harmonic generation. 
Different power scaling methods such as diode stacks and MOPA systems are also 
presented. 
In comparison, Minassian et al. [4.1] have presented a laser cavity double pumped 
with a total of lOOW that produced a maximum output power of 50.3W at a 
conversion efficiency of just over 50%. That is a similar output power as the 
comparable system presented here, but far less efficient. Also, a slab laser with a 
hybrid resonator design presented by Edgewave [4.2] has achieved HOW output 
power from 270W pump power in a 0.3at.% doped 1 x 10 x 12mm^ slab which is 
again less efficient than the bounce oscillator of similar output power presented here. 
He et al. have demonstrated 15W at about 40% conversion efficiency in a folded 
Nd:GdV04 bounce cavity [4.3]. 
4.2 The laser components 
The crystals used in this chapter are mainly l.lat.% doped a-cut Nd:YV04 crystals 
with dimension of 20 x 5 x 2mm^. The end faces are angled to prevent parasitic 
lasing. The 20 x 2mm^ pump face is anti-reflection (AR) coated for the 808nm pump 
radiation and the 5 x 2mm^ emitting end faces are AR coated for the 1064nm lasing 
wavelength to minimise reflection losses. 
The crystals are pumped with 808nm diode bar lasers with a fast axis collimating 
lens. In most cases presented here, their radiation is focused onto the crystal with a 
vertical cylindrical lens to form a line focus on the pump face. The low power diode 
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bars up to SOW are all passively conduction-cooled, sitting on water-cooled copper 
heat sinks, whereas lOOW bars and multi-bar stacks usually require active water-
cooling. The pump radiation of the diode lasers is TM polarized and parallel to the 
c-axis of the crystal to access the highest absorption coefficient in the crystal. The 
intracavity vertical cylindrical lenses have a focal length of 50mm and the output 
coupler a reflectivity of 32%. The laser radiation from the oscillator is linearly 
polarised parallel to the c-axis. 
4.3 Multimode laser operation 
To generate the highest power and efficiency the bounce amplifier laser was 
operated in a compact symmetric cavity configuration. This compact cavity 
configuration leads to multimode laser operation in the horizontal dimension, but 
single mode in the vertical. 
Nd:YVO 
BM VCL v c l X VCL OC 
808nm 
diode 
Fig. 4.1 Cavity layout for multimode laser operation with 14° cut Nd: YVO4; BM, back mirror 
HR 1064nm; VCL, vertical cylindrical lens; OC, partially reflective output coupler 
Fig. 4.1 shows a schematic for the compact cavity layout for multimode laser 
operation. As discussed in chapter 3, the angle of the crystal end faces to suppress 
parasitic lasing is 14°, which gives a linear cavity with a 7° internal bounce angle. 
The crystal is pumped with an 808nm laser diode bar which is focused onto the 
crystal with a vertical cylindrical lens (VCLD). A back mirror (BM) that is high 
reflectivity (HR) coated at the 1064nm laser wavelength and a partially reflective 
output coupler (OC) form the cavity around the gain medium. The laser mode is 
vertically matched to the small gain region with two intracavity vertical cylindrical 
lenses (VCL) with 50mm focal length. In the compact symmetric cavity, the crystal 
to back mirror and crystal to output coupler arm lengths are both around 7cm. 
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First experiments were performed with high quality 40W bars that have a narrow 
spectral width, low smile and a high electrical to optical efficiency, as they tend to 
produce the highest optical to optical conversion efficiencies. The diode cylindrical 
focusing lens (VCLD) used for pumping at 40W had a focal length of 12.7mm. The 
output coupler had a reflectivity of 32%. Fig. 4.2 shows the results of output power 
against diode pump power. With this configuration a maximum output power of 
23.8W for 40W of pumping was obtained at an optical to optical conversion 
efficiency of 60%. The slope efficiency was 74%. Throughout this thesis, unless 
otherwise stated, the resonator and diode temperature were optimised only for high 
power operation. Thus the optical conversion efficiency at high power is the most 
significant experimental result as the slope efficiency may be affected by, for 
example, longer pump absorption at lower powers. 
Pump Power [W] 
Fig. 4.2 Output power versus pump power for 40W pumped multimode laser cavity 
A method to scale the oscillator power up is to use two 40W bars side by side to 
scale up pump power. A similar setup as mentioned above, but this time pumped 
with a total of SOW from two 40W bars was investigated. A schematic of this double 
pumped configuration can be seen in Fig. 4.3. The two pump diodes are aimed at the 
crystal at a slight angle and the difficulty in this arrangement is to achieve a good 
overlap of the two pumps. 
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Fig. 4.3 Layout for multimode laser operation in a cavity pumped with two diodes side by side; 
BM, back mirror HR 1064nm; VCL, vertical cylindrical lens; OC, partially reflective output 
coupler 
Fig. 4.4 shows the output power versus diode pump power for this arrangement. An 
output power of 49.2W was achieved corresponding to a 61% conversion efficiency. 
The slope efficiency was 73%. As the results show, it is possible with two well 
matched diode bars to efficiently scale the output power of the oscillator this way. 
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Fig. 4.4 Output power versus pump power for SOW double pumped and lOOW single bar 
pumped multimode laser cavity 
With the improvements made in the production of high power bars in terms of their 
price, reliability and spectral emission properties, it has become possible to simplify 
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the oscillator power scaling. Good quality lOOW single bars are now available 
commercially, which remove the difficulties of overlapping two low power bars as 
described earlier. 
The output power against pump power for a multimode oscillator pumped with a 
single lOOW bar is shown in Fig. 4.4. A maximum output power of 60.6W was 
produced corresponding to a 60% conversion efficiency. The slope efficiency was 
71%. This shows that it is possible to achieve approximately the same conversion 
efficiencies with a lOOW bar as with a 40W bar. As mentioned before, the beam 
quality is multimode in the horizontal but single mode in the vertical. 
To increase the pump power for the oscillator even further it is necessary to go 
beyond single bars and utilise diode bar stacks, usually vertical ones. The main 
drawback with diode stacks is that the spectral width of the overall stack tends to be 
wider than that of single bars, resulting in a reduction in conversion efficiency. 
Furthermore, the overlap of the 3 beams at the focus can also be a problem. It is 
easier to collect the radiation from all 3 bars with a lens that is physically larger 
vertically than the 12.7mm lenses used in the prior experiments. These lenses have a 
larger focal length that also results in a larger focal spot size. The larger focal spot 
size leads to a reduction in the thermal stresses and thermal lensing in the crystal. On 
the other hand, it also leads to a reduced gain which can impact negatively on the 
conversion efficiency of the laser system. 
Fig. 4.5 shows the results from a multimode cavity pumped with a 180W 3 bars 
vertical stack. A diode focusing lens with a focal length of 25mm was used in this 
experiment. A maximum output power of 85W was obtained corresponding to a 47% 
conversion efficiency. The slope efficiency was 55%. This reduction in efficiency 
can be attributed to the reduced gain due to the larger pump region and to the wider 
spectral width of the stack. 
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Fig. 4.5 Output power versus pump power for a 3 diode bars stack and 5 diode bars stack 
pumped multimode laser cavity 
During these experiments, a compact symmetric cavity pumped with a 5 bars staclc 
delivered the highest output power. The power curve for this system is shown in Fig. 
4.5. The laser system delivered a maximum output power of 103W for 240W 
pumping with a conversion efficiency of 43%. The slope efficiency was 44%. The 
beam quality was poor due to thermal effects in the crystal. For the bounce 
geometry, this conversion efficiency is quite low. This is most likely due to the 
adverse effects of increased spectral band width and overlap of the individual stack 
bars being even more pronounced for the 5 bars than they were for the 3 bars. 
4.4 TEMoo laser operation 
Experimentally, TEMoo operation is achieved by using an asymmetric bounce 
oscillator with arms of different lengths and utilising the thermal lens in the crystal to 
operate the cavity in the second stability region. A schematic for this asymmetric 
cavity is shown in Fig. 4.6 with a Nd:GdV04 laser crystal with end faces angled at 
5°. In the case of a 5° cut, the cavity is not linear for a 7° internal bounce angle but 
folded backwards away from the pump. 
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Fig. 4.6 Asymmetric cavity layout for Nd:GdV04 TEMoo laser; BM, back mirror HR 1064nm; 
VCL, vertical cylindrical lens; OC, partially reflective output coupler 
This cavity had a back mirror to crystal distance of 10cm and a crystal to output 
coupler distance of 30cm. The cavity was optimised to operate at maximum TEMoo 
output power at full pump power. Fig. 4.7 shows the output power against pump 
power for this Nd:GdV04 oscillator pumped with a SOW bar. The oscillator gave a 
maximum of 24W TEMoo output power corresponding to a 47% conversion 
efficiency. The kink in the power curve is due to the cavity going through a region of 
instability before going into the second stability region. From this, the effective focal 
length of the thermal lens can be estimated using the cavity stability analysis from 
Chapter 3.5. The focal lengths at the points where the cavity leaves the first stability 
region and where it enters the second one at pump powers of ~37W and 48W, 
respectively, correspond to the crystal to output coupler distance of 30cm and the 
crystal to back mirror distance of 10cm, respectively. 
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Fig. 4.7 Output power versus pump power for a NdiGdVO^ TEMoo asymmetric laser cavity 
An asymmetric TEMoo cavity was also formed with a l.lat.% doped Nd;YV04 
crystal with a 14° cut as the gain medium. A schematic of this configuration is 
shown in Fig. 4.8. In this case, the thermal lens in the crystal was too weak to bring 
the cavity into the second stability region with standard cavity lengths. Therefore a 
horizontal cylindrical lens with a 10cm focal length was introduced into the back 
arm of the cavity to force the cavity into the second stability region. 
BM VCL HCL VCUH VCL OC 
808nm 
laser 
diode 
Fig. 4.8 Asymmetric cavity layout for an Nd:YV04 TEMoo laser with intracavity HCL; BM, 
back mirror HR 1064nm; VCL, vertical cylindrical lens; HCL, horizontal cylindrical lens; OC, 
partially reflective output coupler 
The result of output power against pump power for this cavity is shown in Fig. 4.9. It 
has been possible to obtain 19W TEMoo output for 40W pumping with a 47% 
conversion efficiency. Because of the intracavity horizontal cylindrical lens, the 
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cavity is permanently in the second stability region and the usual drop in power as 
the cavity goes through the instability is not seen with this design. 
Pump Power [W] 
Fig. 4.9 Output power versus pump power for a Nd: YVO4 TEMqo cavity with an intracavity 
horizontal cylindrical lens 
These last two experiments show that the performance of the Gadolinium material is 
comparable to that of the Yttrium material. Even though the Nd:YV04 laser seems to 
possess a weaker thermal lens it is not possible to make meaningful deductions about 
differences in the thermal conductivity of the two Vanadate materials. This is due to 
the non-repeatable nature of the contacting process between the crystal and the heat 
sink. 
In order to scale the TEMQO oscillator power, the same double pumping scheme with 
two pump diodes side by side as described earlier was employed to pump a l.lat.% 
NdiYVOi crystal with two 40W diodes. The cavity had a back arm length of 15cm 
and an output coupler arm length of 30cm. This double pumped Nd:YV04 TEMoo 
oscillator delivered a maximum of 40.7W output power at 50% conversion 
efficiency, shown on Fig. 4.10. It can be seen that the cavity had a region of 
instability between pump powers ~55 - 75W. 
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Fig. 4.10 Output power versus pump power for SOW double pumped and lOOW single bar 
pumped TEMoo cavity 
Even higher output power was achieved from a lOOW single diode bar pumped 
cavity. This oscillator had a back arm length of 10cm and an output coupler arm 
length of 28cm. As shown on Fig. 4.10, it produced 47.4W of TEMoo output power 
corresponding to a 49% conversion efficiency. As can be seen on Fig. 4.10, both 
cavities leave the first stability region at about 55W of pumping, which indicates a 
thermal lens with a focal length of -30cm, the crystal to output coupler distance in 
both cases. The double pumped cavity with the longer back mirror arm length of 
15cm goes into the second stability region first at about 75 W of pumping, whereas 
the thermal lens in the lOOW bar pumped crystal reaches the shorter required focal 
length of 10cm to enter the second stability region at the higher pump power of 
~90W. These results agree well with the stability analysis in Chapter 3.5. 
These systems presented here compare well with other high efficiency TEMoo 
Nd:YV04 laser systems published in the literature. Brown et al. demonstrated a low 
power end-pumped 2W laser at 49% conversion efficiency [4.4] and Pavel et al. 
have shown a miniature Nd:YV04 system at 410mW with 53% conversion 
efficiency and a 58% slope. Zhang et al. presented 11.6W at a 54% conversion 
efficiency from an end-pumped Nd:YV04 rod laser [4.5] and another group reported 
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14.8W at 54% efficiency [4.6]. Chen et al. achieved SOW output power at a 54% 
optical conversion efficiency in an end-pumped two rod laser system [4.7]. 
4.5 Q-switching at high repetition rates 
Pulsed lasing operation at nanosecond timescales with high repetition rates is usually 
achieved from TEMoo cavities with an acousto-optic Q-switch in the output coupler 
arm. A schematic for the cavity layout plus the diagnostic setup is shown in Fig. 
4.11. A small fraction of the output power is picked off before the power meter with 
an AR coated wedge. It is directed towards the camera with a mirror and passes 
through a neutral density filter wheel and a spherical lens before hitting the camera. 
A silicon photodiode with a Ins rise time was used to measure the pulse width from 
the transmission loss at the mirror. 
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Fig. 4.11 Asymmetric cavity layout for TEMoo laser operation NdiGdVO^ crystal with 
diagnostic system; BM, back mirror HR 1064nra; VCL, vertical cylindrical lens; OC, partially 
reflective output coupler; PM, power meter; M, mirror; PD, photo detector; FW, neutral 
density filter wheel; SL, shperical lens 
The highest pulse repetition rate in an acousto-optically Q-switched bounce 
oscillator has been achieved with Nd:GdV04. Fig. 4.12 shows how the earlier 
mentioned Nd;GdV04 oscillator could successfully be Q-switched at 22W average 
output power with repetition rates from 300 - 1500kHz and corresponding pulse 
widths from 14 - 42ns at a 20% Q-switched duty cycle. The maximum peak power 
was 4.7kW with a pulse energy of 67|aJ. This is shown on Fig. 4.13. The TEMoo 
beam had an of less than 1.2 in both the horizontal and vertical direction. 
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Fig. 4.13 Peak power and pulse energy as a function of pulse repetition rate for AO Q-switched 
Nd:GdV04 laser 
The limit on the minimum pulse duration is the cavity lifetime, defined as the cavity 
transit time divided by the cavity losses, which for this cavity with a length of 40cm 
and an R = 30% output coupler is just over 2ns. This was not reached as the 
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repetition rate was limited by breakthrough of pulses at the low repetition rate end, 
and by pulse skipping at the higher end. With an electro-optic Q-switch, which has a 
better hold-off, it should be possible to achieve lower repetition rates and thus 
shorter pulses. The duty cycle of the Q-switch was kept at 20% through the entire 
range. It is possible that the Q-switch driver becomes the limiting factor at such high 
repetition rates if it can't switch the RF fast enough. 
4.6 The semi-monolithic cavity 
It is also possible to achieve low repetition rate Q-switching in very compact systems 
with the bounce geometry. The semi-monolithic cavity is such a setup. 
A schematic of the cavity layout is shown in Fig. 4.14. The 20 x 5 x 2mm^ l.lat.% 
doped Nd;YY04 laser crystal has one of the laser faces cut at 7° and HR coated at 
1064nm to act as the back mirror, the other laser face is AR coated and angled at 5°. 
The 5° cut was used because a 14° cut laser face which would allow linear cavities 
resulted in parasitic lasing within the crystal. This could be suppressed by making 
the crystal less deep, but no such crystal was available. The pump diode is close 
coupled to the crystal at a distance of 15mm from the crystal with no focussing lens 
in between, resulting in a vertically larger than normal gain region. To compensate 
for this reduced gain of the cavity and maximise the efficiency of the system an 
output coupler with a higher reflectivity than what has been used in the experiments 
described so far was employed. The R=70% output coupler was 14cm from the 
crystal. The only intracavity optic was an f=50mm spherical lens at 13cm from the 
crystal. An acousto-optic Q-switch for pulsed operation is also included in the 
diagram. 
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Fig. 4.14 Cavity layout for Q-switched semi-monolithic NdiYVO^ laser; SL, spherical lens; OC, 
output coupler; HR, high reflectivity at 1064nm 
Fig. 4.15 shows the output power against pump power for the semi-monolithic 
oscillator. The laser delivered a maximum CW output power of 10.7W for 34W 
pumping at a 32% conversion efficiency. The laser threshold was high at over 23 W 
of pumping which can be attributed to the reduced gain. The rapid decline in power 
at the high power end is due to the cavity becoming unstable. This could be 
improved by shortening the cavity and using a spherical lens with a shorter focal 
length. However, due to the inclusion of the Q-switch in the cavity, the cavity could 
not be made any shorter. 
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Fig. 4.15 CW output power versus pump power for the semi-monolithic cavity 
With an acousto-optic Q-switch added as shown in Fig. 4.14, the oscillator could be 
Q-switched at repetition rates much lower than what is possible in the standard 
cavity layout. This is due to the reduced gain in the semi-monolithic system. As 
shown in Fig. 4.16, the oscillator yielded a maximum avg. output power of 11W with 
pulse repetition rates from 20 - 150kHz and corresponding pulse widths from 11 -
37ns. This equates to a maximum peak power of 37.5kW and a maximum pulse 
energy of420|iJ, as shown on Fig. 4.17. 
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Fig. 4.17 Peak power and pulse energy as a function of pulse repetition rate for AO Q-switched 
semi-monolithic Nd:YV04 laser 
Such pulses with high peak power are well suited for high efficiency second 
harmonic conversion. To optimise the beam quality for efficient harmonic 
conversion the oscillator was run at 30kHz at a reduced output power. The 
fundamental wavelength was focused with an f=10cm spherical lens into the second 
harmonic crystal which was a 3 x 3 x 15mm^ non-critically phase-matched LBO 
crystal (9=90°, ^=0°, T=149°C). This produced 4.12W at 532nm with 11ns pulse 
width from 7.05 W at the 1064nm fundamental wavelength giving a second harmonic 
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conversion efficiency of 58%. This translated into a pulse energy in the green of 
ISVp-J and peak power of 12.5kW. 
4.7 Master Oscillator Power Amplifier 
Another method for scaling the laser power is the master oscillator power amplifier 
(MOPA) configuration where the output from a usually high beam quality, low 
power oscillator is amplified in a second crystal. A schematic for this configuration 
with the bounce geometry is shown in Fig. 4.18 below. 
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Fig. 4.18 Master oscillator power amplifier (MOPA) layout 
The amplifier crystal is a standard l.lat.% doped Nd:YV04 crystal. It is pumped 
with a lOOW diode bar through an f= 12.7mm cylindrical lens. The input into the 
amplifier is focused vertically with a 50mm focal length cylindrical lens as is the 
case in the cavities and a 50mm focal length horizontal cylindrical lens to improve 
the horizontal overlap with the pump region. 
Fig. 4.19 shows the output power against amplifier pump power for a MOPA with 
the semi-monolithic cavity as the oscillator. The 10.4W CW TEMoo output from the 
semi-monolithic oscillator was amplified up to 54.8W with 107W pumping of the 
amplifier corresponding to a 41% amplifier extraction efficiency. The amplifier 
extraction efficiency indicates how much of the amplifier pump power contributes to 
the amplification of the seed. 
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Fig. 4.19 Output power versus amplifier pump power for MOPA with a semi-monolithic 
oscillator 
Similarly, the double pumped multimode oscillator was amplified in a crystal 
pumped with a 180W 3 bar stack that was focused onto the crystal with a 50mm 
lens. In this case, a horizontal cylindrical lens with f=30cm was used to improve the 
horizontal overlap of the oscillator output with the gain region in the amplifier 
crystal. As shown on Fig. 4.20, a maximum output power of 125W was achieved at 
an overall optical-to-optical conversion efficiency of 46% and an amplifier 
extraction efficiency of over 40%. 
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Fig. 4.20 Output power versus amplifier pump power for MOPA with a double pumped 
oscillators 
The bounce amplifier has also been used to amplify a 50mW mode-locked 
picosecond source up to 8.4W for 28W of absorbed pump power in a double bounce 
system, corresponding to 30% amplifier extraction efficiency [4.8]. 
4.8 Summary 
This chapter demonstrated the performance of Nd:YV04 and Nd:GdV04 based 
bounce amplifier laser systems over a wide range of operations. These varied from 
high efficiency CW multimode and TEMoo beams to TEMoo Q-switched laser 
systems with pulse repetition rates from as low as 20kHz to over IMHz. Master 
oscillator power amplifier systems were also demonstrated as well as some second 
harmonic generation. 
In CW multimode laser operation, systems from 24W with 60% conversion and 74% 
slope efficiency up to 103W were demonstrated with diode pumping schemes from 
passively cooled single diode bars to actively cooled multi bar stacks. TEMoo lasers 
with 50% conversion efficiencies were presented with output powers from 19W to 
47.4W. 
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Very high pulse repetition rate Q-switching in the bounce geometry was shown with 
Nd;GdV04 with repetition rates from 300 - 1500kHz at 22W average output power. 
On the other hand, it was possible to Q-switch a semi-monolithic cavity with pulse 
repetition rates from 20 - 150kHz. The suitability of the bounce geometry as a power 
amplifier was also demonstrated by scaling the lOW output from the semi-
monolithic cavity to 55W at over 40% amplifier efficiency. The same efficiency was 
achieved with the amplification of a 50W source to 125W output power. 
Extra-cavity second harmonic generation in LBO delivered over 4W at 532nm from 
the 30kHz Q-switched semi-monolithic cavity at a second harmonic conversion 
efficiency of almost 60%. 
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5. 1064nm highly doped Nd:YAG laser systems 
5.1 Introduction 
This chapter firstly discusses the properties of highly doped NdrYAG and gives an 
overview of laser performances achieved with highly doped Nd:YAG at 1064nm. It 
then continues by presenting laser results achieved in the bounce geometry with 
Czochralski grown 2at.% Nd;YAG under CW pumping as well as under pulsed 
QCW pumping. These results will then be compared with laser performance of 
ceramic Nd:YAG and TGT grown Nd:YAG. 
5.2 Properties of highly doped Nd: YA G 
Nd:YAG has better thermal and mechanical properties than Nd:YV04 and is 
therefore better suited for high power laser operation. It also has a longer upper state 
lifetime, and hence higher energy storage capacity, making it suitable for high pulse 
energy using quasi-continuous wave (QCW) diode-pumping and Q-switched 
operation. 
A key difficulty for large, crystalline Nd:YAG has been its low doping limitation. 
Standard Nd doping is typically lat.% and such crystals can be grown with excellent 
optical quality. One of the best-known growth techniques is the Czochralski (CZ) 
method but until recently, it was difficult to produce Nd:YAG with doping 
concentration larger than 1.4at.% [5.1]. High absorption coefficients, and therefore 
in the case of Nd:YAG high doping concentrations, are required for the bounce 
geometry to function efficiently. In recent years, it has become possible to grow high 
optical quality crystals this way with doping concentration of up to 2.5at.% in 
relatively large sizes [5.2]. 
Several other techniques to grow Nd:YAG to higher concentrations are now also 
available. The flux growth method can produce crystals with up to 4.3at.% doping, 
but the growth is very slow and produces only small samples [5.3, 4]. Another 
technique to produce highly doped Nd:YAG in large samples is the temperature 
gradient technique (TGT), which has achieved doping concentrations of up to 3% 
[5.5-7]. Finally, polycrystalline ceramic Nd;YAG can be doped with up to 8.2at.% 
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Nd concentration in large samples [5.8]. Table 5.1 compiles a number of laser 
performance results for highly doped NdtYAG together with some comparative 
results for Czochralski grown samples with standard 1.0 and l.lat.% Nd doping. 
Nd ion Nd:YAG Pump Laser Output Pump Pump Ref. 
concentration growth geometry slope power power laser 
(at.%) technique efficiency 
(%) 
(W) (W) 
2 CZ side 56 19.1 40 LD [5.9] 
2 c z side 49 46.1 101 LD * * 
2 ceramic side 40 13 38 LD [5.10] 
1 CZ end 5 3 ^ 8.9 2 L 3 * LD [5.2] 
2 CZ end 5&6 12.3 2 5 J * LD 
1.1 c z end 39 0 J 2 O jG* Ti:S [5.7] 
1 TGT end 37 0 ^ 0 O jG* Ti:S 
2 TGT end 4&7 0 ^ 9 Ti;S 
3 TGT end 38 0.31 Ojl5* Ti:S 
2 TGT end 54 0 J 3 0.65* LD [5.5] 
3 TGT end 36 0.24 OjW* LD 
* = absorbed power, **= this work, LD = laser diode, Ti:S = titanium sapphire 
Table 5.1 Laser performance of highly doped Nd:YAG 
These recent results testify to the improvement in the efficiency of the diode pumped 
solid-state (DPSS) Nd:YAG laser with the use of highly Nd doped crystals. High 
doping of 2at.% Nd in both Czochralski and TOT samples has been shown to 
produce higher efficiency than standard lat.% Czochralski-grown Nd;YAG in the 
end-pumped configuration. Up to 12.3W output power was obtained in Czochralski 
2at.% Nd;YAG with 56.6% slope efficiency (with respect to absorbed pump power) 
compared to 53.8% for lat.% Nd [5.2]. Slope efficiency of 46.7% was obtained for 
2at.% Nd:YAG grown by the TGT method compared to 39% for a l.lat.% Nd:YAG 
sample by Czochralski growth [5.7]. 
The bounce design requires a high absorption coefficient for the pump wavelength 
and has so far been demonstrated predominantly with Nd:YV04 and Nd:GdV04, 
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which possess high absorption at standard l.lat.% doping concentrations. With the 
enhanced absorption of highly doped Nd:YAG the bounce geometry becomes an 
attractive design option. 
There is some disagreement in the literature over the absorption coefficient at 808nm 
of highly doped Nd:YAG. L'Huillier et al. give an absorption coefficient of 7.1cm"' 
for 2at.% Czochralski NdrYAG [5.2], which seems very low. They could mean the 
FWHM value rather than the maximum absorption coefficient, but this is unclear 
from the paper. The manufacturer FEE states 16cm"' on their website [5.11]. Mao et 
al. quote absorption coefficients from 14.7cm"' to 17.5cm"' for 2at.% TOT Nd:YAG 
[5.6, 7]. Urata gives a value as high as 19.5cm"' [5.5]. Also, Jiang et al. have 
measured an absorption coefficient of only 10.7cm"' for 2.8at.% TGT NdrYAG 
[5.12]. All of these values are significantly lower than the absorption coefficient of 
l.lat.%Nd:YV04 of 31.4cm'' [5.13]. 
Compared to the standard lat.% doped Nd;YAG crystals, there are further changes 
in crystal properties when the doping concentration is increased. Chief among those 
is a reduction in upper state lifetime, and thus in the energy storage capability of the 
crystal, with increasing doping concentrations due to fluorescence quenching. In 
their paper on the characterisation of the highly doped Czochralski Nd:YAG 
L'Huillier et al. state that the fluorescence lifetime rj can be evaluated using the 
following formula 
where C is the doping concentration, TQ is the intrinsic lifetime (when C is 0) and Q 
is the quenching coefficient [5.2]. They give % as (256.5 ± 0.25)|is and Q as (4.45 ± 
0.40)xl0^°cm"^. With C calculated as 2.76x1 O^cm'^ for 2at.% doping [5.14] this 
gives a calculated upper state lifetime of 185ps which constitutes a significant 
reduction compared with the 230ps for lat.% doped NdrYAG. However, in the 
literature the upper state lifetime is more often given around 175[is [5.7, 15]. There 
is also some discussion about the reliability of this formula for highly doped ceramic 
YAG [5.16]. 
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The Czochralski grown crystals used in this chapter are 2at.% doped Nd:YAG 
crystals with dimensions of 30 x 5 x Zmm"" and angled end faces to suppress parasitic 
oscillations in the crystal. The 30 x 2mm^ pump face is AR coated for the 808nm 
pump radiation and the two 5 x 2mm^ end faces were uncoated and angled at 22° to 
allow the laser cavity beam to be incident at Brewster's angle to these faces when the 
beam experiences total internal reflection at a 7° bounce angle from the diode pump 
face. The Brewster angling allows laser operation in a horizontally polarised state 
without the use of any additional polarising elements in the cavity. 
5.3 CWpumped laser operation 
5.3.1 Multimode laser operation 
The layout for the Nd:YAG laser is shown in Fig. 5.1. It follows the same standard 
layout described in earlier chapters. The intracavity lenses used in this case had a 
focal length of 60mm to reduce the divergence in the longer crystal for a better 
match between the pump and laser modes. 
OC BM 
VCL VCL 
Nd;YAG 
VCLJC 
808nm 
diode 
Fig. 5.1 Cavity layout for 2at.% Nd:YAG laser; VCL, vertical cylindrical lens; BM, back mirror 
HR 1064nni; OC, output coupler 
Fig. 5.2 shows the result of output power of the 2at.% Nd:YAG bounce laser versus 
input pump power for pumping with the 40W diode bar. The oscillator was a 
compact symmetric cavity with total length of 16cm and a 50% reflectivity output 
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coupler. Maximum output power of 19. IW was produced for 41W of diode pump 
power corresponding to an optical-to-optical conversion efficiency of 47% and a 
slope efficiency of 56%. Spatial quality of the output beam was single mode in the 
vertical and multimode in the horizontal. 
Pump Power [W] 
Fig. 5.2 Output power versus pump power for 2at.% Nd:YAG bounce laser oscillator cavity 
To increase the output power, the crystal was pumped with a lOOW diode bar. The 
results are shown in Fig. 5.3. A maximum output power of 46. IW for lOlW of diode 
pump power was obtained which corresponds to an optical conversion efficiency of 
46%. The slope efficiency was 49%. The beam was spatially multimode in the 
horizontal but single mode in the vertical. Again, the efficiency is lower compared to 
the Vanadate system. However, this is the highest power achieved, to my knowledge, 
from a highly doped (>1.1 at.%) Nd:YAG laser. 
As Table 5.1 shows, the next highest power in crystalline Nd:YAG published by 
other groups is from L'Huillier et al. at 12W [5.2]. The slope efficiency for the 40W 
pumped laser is also as high as any published. Published results fi-om TGT grown 
crystals show slope efficiencies of over 50% but are sub-Watt level [5.6]. Higher 
results with TGT Nd:YAG are presented later in this chapter. 
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5.3.2 TEMoo operation 
An asymmetric single mode TEMoo cavity was constructed with a back mirror to 
crystal centre distance of 11.6cm and output coupler to crystal centre distance of 
20.5cm. As can be seen in Fig. 5.3, the cavity has an unstable region of operation 
between pump powers ~ 45W and 90W. A maximum output of 39.0W was produced 
at 101W diode pumping with a TEMoo mode with weak subsidiary horizontal wings. 
When these are spatially filtered, the M^ was measured to be < 1.2 in both horizontal 
and vertical directions. Without filtering the horizontal M^ increases to 2. 
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Fig. 5.3 Output power versus pump power for 2at.% Nd:YAG multimode and TEMoo lasers 
5.4 QCW pumped laser operation 
An interesting advantage of Nd:YAG is its longer upper-state lifetime than vanadate 
crystals leading to improved energy storage capability. The upper state lifetime of 
2at.% Nd:YAG of 175fis is a significant improvement compared to a lifetime of 
90|is in the vanadate crystals. To investigate this capability experiments with quasi-
CW pumping of the Nd:YAG laser cavity were conducted. During these 
experiments, the Nd:YAG crystal was diode pumped with 200^s long pulses at a 
repetition rate of lOOHz. 
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5.4.1 Multimode laser operation 
Fig. 5.4 shows the output pulse energy as a function of pump pulse energy for a 
compact symmetric cavity, as described earlier. Maximum output pulse energy of 
11 mJ for 2 8mJ of diode pumping has been obtained at a conversion efficiency of 
39%. The slope efficiency was 45% and the pumping threshold was l.OmJ. To my 
knowledge, this was the first demonstration of QCW pumping of 2at.% Nd:YAG 
[5.9]. The beam had values of 6 in the horizontal and 1.5 in the vertical. 
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Fig. 5.4 Output pulse energy versus pump pulse energy for QCW pumped 2at.% Nd: YAG laser 
To improve the beam quality, the cavity was extended by increasing the crystal to 
output coupler distance to 20cm. This resulted in an almost negligible drop in output 
pulse energy from 1 ImJ to lO.SmJ and the slope efficiency going from 45% to 44%, 
but the beam quality improved to M^ of 3.1 and less than 1.3 in the horizontal and 
the vertical direction, respectively. 
5.4.2 Q-switched laser operation 
A passively Q-switched laser cavity using the 2at.% YAG crystal in a bounce 
amplifier configuration is shown in Fig. 5.5. A 4.4mm long, 0.3% doped Cr '^^ iYAG 
crystal with optical density of 0.42 was used as the saturable absorber. To control the 
Q-switch time relative to the pump pulse, the pump radiation size was controlled in 
the vertical by varying the distance of an f=50mm cylindrical lens (VCLd) from the 
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crystal pump face. The larger pump region made the intracavity lenses, which are 
responsible for the overlap between the gain region and the laser mode, unnecessary. 
Without the lenses it was possible to reduce the crystal to back mirror distance 
significantly. The back mirror was positioned at 3cm from the crystal centre, and a 
70% reflectivity output coupler was used to complete the cavity, positioned 12cm 
from the crystal centre. 
Nd:YAG 
Cr:YAG 
VOL J 
8 0 8 n m 
d i o d e 
Fig. 5.5 Cavity layout for QCW pumped passively Q-switched Nd:YAG laser; VCL, vertical 
cylindrical lens; BM, back mirror HR 1064nm; OC, output coupler 
Fig. 5.6 shows the output pulse energy against the pump pulse energy for this 
configuration without the Cr:YAG passive Q-switch. A maximum output pulse 
energy of S.lmJ was obtained for a pump pulse energy of 28mJ at a conversion 
efficiency of 29%. The slope efficiency was 40% and the threshold pump pulse 
energy was 5.9mJ. 
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Pump Pulse Energy [mJ] 
Fig. 5.6 Output pulse energy versus pump pulse energy for QCW pumped Nd:YAG laser 
oscillator 
The QCW pumped cavity was then passively Q-switched with the C/^:YAG 
saturable absorber. The distance of the pump focusing lens from the crystal was 
optimised to obtain a single giant output pulse from the cavity at the end of the pump 
pulse, thus optimizing the output pulse energy. Maximum output pulse energy of 
2.3mJ was produced in a 12ns pulse for 28mJ of diode pump power, corresponding 
to a peak power of 192kW. An oscilloscope trace for the output pulse is shown in 
Fig. 5.7. 
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Spatially the output was TEMqo, as depicted in Fig. 5.8, with M of less than 1.3 and 
1.1 in the horizontal and vertical, respectively, with hardly any astigmatism. 
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Fig. 5.8 Beam quality measurement and spatial beam profile of QCW pumped, passively Q-
switched Nd:YAG-Cr:YAG laser oscillator 
5.5 Ceramic Nd:YAG 
First laser operation with ceramic Nd:YAG was reported in 1995 by Ikesue et al. 
[5.17]. They had developed transparent polycrystalline NdtYAG ceramics using a 
solid-state reaction (SSR) between Y2O3 and AI2O3 by vacuum sintering. Previous 
attempts to create laser grade polycrystalline ceramic Nd:YAG failed due to large 
scattering losses in the material [5.18, 19]. Scattering occurs at residual pores and 
grain boundaries within the material [5.20]. During manufacturing, great care has to 
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be taken to control the formation of these features. Yanagitani et al. improved wet-
synthesized (WS) powders, casting techniques, and sintering processes for the 
fabrication of Nd:YAG ceramics [5.21] and Lu et al. succeeded in demonstrating 
laser oscillation with it in 2000 [5.22] and demonstrated the potential of power 
scaling up to the kilowatt-level in 2002 by using a large Nd;YAG rod [5.23]. 
Experiments were conducted with ceramic Nd:YAG to compare its laser 
performance in the bounce geometry to that of the Czochralski grown Nd:YAG. The 
slab used was 2at.% doped ceramic Nd;YAG with dimensions of 30 x 5 x 2mm^ and 
laser faces angled at 22°. The pump face was AR coated for 808nm, and the laser 
faces uncoated as in the case of the Czochralski Nd:YAG. The ceramic was pumped 
with a 40W bar through a 12.7mm diode focusing lens. A symmetric cavity was 
formed around the ceramic with a high reflectivity back mirror and a 70% 
reflectivity output coupler with f=50mm intracavity vertical cylindrical lenses. This 
laser produced a maximum output power of 16.7W for 42 W of pumping as shown in 
Fig. 5.9. The maximum conversion efficiency was 41.5% at 38W of pumping. The 
slope efficiency was 53%. 
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Fig. 5.9 Output power versus pump power for multimode ceramic Nd:YAG laser 
This is a considerable reduction in output power and conversion efficiency compared 
to the Czochralski Nd;YAG. There were strong indicators for severe thermal 
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problems in the ceramic. The beam quality was quite poor with the beam broken up 
horizontally, the cavity alignment depended strongly on the pump power and the 
output beam could be observed to move across the camera at medium to high pump 
powers. Remounting of the crystal to possibly improve thermal contacting to the heat 
sink did not improve the laser performance. Scattering centres within the ceramic 
might also contribute to the low performance of the laser. 
More experiments on ceramic Nd:YAG were also conducted with Japanese 
collaborators [5.24]. The gain media were ceramic Nd;YAG slabs with 2at.% Nd 
doping and dimensions of 20 x 5 x 2mm^. The end faces were wedged at a 3° angle 
to avoid parasitic oscillations. This cut should result in less polarised output than is 
the case with the Brewster configuration described earlier. The ceramic was put in a 
symmetric cavity of a total length of 20cm with 50mm focal length intracavity 
vertical cylindrical lenses and a 70% reflectivity output coupler. It was pumped with 
a 3 diode bar stack. Here, a maximum multimode output power of 42W was obtained 
for 142W of diode pumping, corresponding to a 30% conversion efficiency. The 
slope efficiency was 32%. In an extended asymmetric cavity TEMoo output power of 
27W was achieved for 142W of pumping with M^ values of less than 1.3 in both 
dimensions. 
The TEMoo cavity was Q-switched with an acousto-optic Q-switch in the back arm 
of the cavity. Stable Q-switching operation could be observed with pulse repetition 
rates from 10 - 150kHz and corresponding pulse widths from 35 - 80ns. The 
average output power reached a saturation level of 25W for repetition rates of 60kHz 
and higher and the beam quality was improved with M^ of 1.2. 
To scale up the power, a master oscillator power amplifier system with 2 ceramic 
slabs was constructed. The ceramic amplifier was pumped with another 3 diode bar 
stack. The output from the oscillators described above was focused into the amplifier 
with a 300mm horizontal and a 60mm vertical cylindrical lens to achieve a good 
spatial overlap between the seed from the oscillator and the pump region in the 
amplifier. Average output power of 23 W from the Q-switched oscillator at lOOkHz 
was amplified to 41W at an amplifier pump power of 125W, corresponding to an 
amplifier efficiency of 14%. Above that pump power a saturation of the output 
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power was observed, which is likely caused by increased thermal loading in the 
amplifier due to low energy extraction, and poses a limit to the power scaling of this 
system. 
In previous work with 2at.% ceramic Nd:YAG by this group, 13W output power was 
achieved for 37W of pumping and 45W output power for 158W of pumping in 
multimode output as well as 27W in TEMoo from 158W of pumping [5.25]. 
From the results presented on the work with 2at.% doped Nd:YAG it seems that the 
single crystal Czochralski grown Nd:YAG outperforms the polycrystalline ceramic 
Nd:YAG. The crystalline Nd:YAG showed higher efficiencies and power than the 
ceramic NdiYAG and did not suffer as badly from thermal issues. 
5.6 TGT grown Nd:YA G 
Work has also been done in our lab by my colleague Dr Minassian with highly 
doped TGT Nd;YAG to compare the relative laser performance of the different types 
of Nd:YAG in the bounce amplifier geometry. The crystals, grown by the 
temperature gradient technique (TGT), have been supplied by Benxue Jiang and his 
group at the Shanghai Institute of Optics and Fine Mechanics at the Chinese 
Academy of Sciences [5.12]. They supplied crystals of nominally 2at.% and 3at.% 
doping. However, my colleague believes that these values are not quite accurate, and 
that the actual doping concentrations are less than the nominal values. His estimates 
are about 1.5 - 2at.% for the lower doped crystal and around 2.5at.% for the higher 
doped crystal judging Aom their behaviour compared to the 2at.% doped Czochralski 
crystal during the experiments. The crystals will be referred to by their nominal 
doping concentrations. 
The crystals were delivered as unpolished 20 x 5 x 2mm^ slabs. These were cut in-
house at Imperial College London for Brewster angled end faces as described for the 
Czochralski grown crystals and the pump and laser faces of the crystals were 
polished. However, the polishing could not be done to laser grade standards and it is 
assumed that this had a strong negative impact on the performance of the lasers. 
Furthermore, the pump faces of the crystals were uncoated, resulting in reflection 
losses of the pump power. The pump powers have been adjusted to account for the 
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Fresnel losses and only the calculated absorbed pump powers are quoted in this 
section for the TGT based lasers. 
As mentioned above, the crystals were cut in the same way as the Czochralski grown 
Nd'.YAG crystals and similar cavities were constructed around them together with 
f=60mm intracavity lenses. The output couplers used had a reflectivity of 50% and 
the compact symmetric cavities had a total length of 16cm. Power curves for both 
crystals are shown in Fig. 5.10. When pumped at 37W absorbed pump power, the 
2at.% doped Nd:YAG crystal delivered a maximum output power of 8.4W, 
corresponding to a maximum conversion efficiency of 23%. The slope efficiency 
was 34%. The 3at.% doped crystal performed better with an output power of 11.2W 
at a 31% conversion efficiency. It had a slope efficiency of 44%. The 3at.% doped 
crystal clearly outperforms the lower doped one at all pump levels. The beam quality 
in both cases was multimode horizontally and single mode vertically, as usual. 
3at.% 
Abs. Pump Power [W] 
Fig. 5.10 CW output power versus absorbed pump power for 2at.% and 3at.% doped Nd:YAG 
lasers in multimode operation 
To increase the output power of the laser systems, the crystals were pumped with a 
lOOW diode bar. In the case of the 2at.% doped Nd:YAG crystal, this improved the 
multimode output power to 14.4W for 92W of absorbed pump power, corresponding 
to a 15.6% conversion efficiency. The slope efficiency was 20%. The maximum 
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TEMoo output power produced in a single mode asymmetric cavity was 11.6W for 
92W absorbed pump power, as shown in Fig. 5.11. The highest output power for the 
TGT grown Nd:YAG was achieved with the 3at.% doped crystal, however severe 
thermal issues also surfaced. The intracavity lenses had to be changed to 50mm focal 
length to allow the cavity length to be decreased to 13 cm to counter the strong 
thermal lens. This cavity produced a maximum output power of 20W for 76W of 
absorbed pump power, as shown on Fig. 5.12, corresponding to a 26% conversion 
efficiency. A very sharp drop in power occurred immediately afterwards where the 
cavity became unstable. 
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Fig. 5.11 Output power versus absorbed pump power for 2at.% doped Nd:YAG for multimode 
and TEMoo operation 
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Fig. 5.12 Output power versus absorbed pump power for 3at.% doped Nd: YAG for multimode 
operation 
The results clearly show that purely on output power the higher doped crystal 
outperforms the lower doped one. However, the 3at.% doped Nd;YAG crystal also 
suffers from strong thermal issues at high pumping. Unfortunately, the laser 
performance from these TGT grown crystals can not be reliably compared against 
the other commercially sourced materials in this chapter. The processing of the TGT 
crystals in terms of polishing was not of sufficiently high standard as that of the 
other materials. Therefore, comparison can only be made between the two TGT 
crystals, since they were processed in the same way. However, given the results 
achieved by Urata et al. [5.5] it should be possible to obtain laser performance from 
TGT Nd;YAG that is comparable to that of the other two materials. 
5.7 Summary 
This chapter firstly introduced the properties of highly doped Nd:YAG and 
demonstrated experimental results from bounce laser oscillators with 2at.% highly 
doped Nd;YAG produced by the Czochralski method. The lasers were operated 
under both CW and QCW pumping. The CW laser performance of highly doped 
Nd:YAG manufactured by different techniques was then investigated and compared. 
The different gain media included 2at.% ceramic and 2 and 3at.% TGT grown 
Nd:YAG. 
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Under CW pumping, the 2at.% Czochralski grown Nd:YAG crystal delivered over 
19W multimode output power at 47% conversion and 56% slope efficiency. This 
was then scaled up to 46W while keeping the optical to optical conversion efficiency 
the same. Almost 40W of TEMoo output power was achieved in an asymmetric 
cavity at a 38% conversion efficiency with beam propagation factors of less than 1.2 
when the wings were spatially filtered out. To my knowledge, these results were the 
highest reported output powers for highly doped Nd:YAG. 
Because Nd:YAG has a higher upper state lifetime than Nd:YV04 and thus a higher 
energy storage capacity, QCW operation of the 2at.% Czochralski Nd;YAG was 
investigated. With 200 |is pump pulses at lOOHz 11 mJ output pulses with a 
conversion efficiency of 39% and a slope efficiency of 45% were achieved. In a 
redesigned passively Q-switched cavity using Cr;YAG without any other intracavity 
optics 2.3mJ output pulses with 12ns pulse width corresponding to a peak power of 
192kW were obtained for 28mJ pump pulses. 
With ceramic Nd;YAG lasers the highest efficiency system delivered 16.7W CW 
multimode output power at 41% conversion efficiency with a 54% slope efficiency. 
The highest oscillator power was 42W at only 30% conversion efficiency and 32% 
slope efficiency. This is a considerable reduction in performance compared to the 
Czochralski Nd:YAG lasers. 
Comparison between the TGT grown crystals and the aforementioned two gain 
media is not possible due to the poor processing of the TGT crystals which heavily 
degraded the laser performance. The maximum multimode output power was 14.4W 
at 16% conversion and 20% slope efficiency for the 2at.% doped crystal and 20W at 
26% conversion efficiency for the 3at.% doped crystal. The output power of the 
3at.% doped crystal was limited by strong thermal lensing in the crystal. Processing 
of the crystal to laser grade should significantly increase output power and efficiency 
of the systems. 
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6. 1.3|jm laser operation of Nd:YV04 and Nd:YAG 
6.1 Introduction 
High power laser radiation at the 1.3|j.m transition of Nd:YAG and Nd:YV04 is of 
considerable interest in addition to the 1pm transition. As well as the LSjum 
fundamental wavelength, harmonic conversion can be used for the generation of red 
light and blue light [6.1, 2], which can be utilised for example in display technologies, 
laser therapeutics and biomedical applications. Another potential area of application is 
multi-wavelength operation at two sub-levels of the 1.3|a.m manifold, especially with 
Nd'.YAG, which together with difference frequency mixing is a possible source for 
coherent terahertz radiation [6.3]. Also, sum frequency mixing of 1pm and 1.3|xm can 
be used as a source of yellow radiation [6.4]. 
In this chapter, lasing at 1342nm in l.lat.% doped Nd:YV04 is presented with 13.6W 
output power in multimode operation and 7.8W in TEMoo operation. Pulsed TEMoo 
operation with pulse repetition rates from 90 - 250kHz at almost 6W is also 
demonstrated. Furthermore, high power laser operation in Czochralski grown 2at.% 
doped Nd;YAG at 1.3p,m by use of the bounce geometry is reported. CW multimode 
output powers of 16.7W and Q-switched TEMoo output powers of over 9W with up to 
160kHz repetition rate are demonstrated. Simultaneous lasing at two lines in the 
1.3|j.m manifold is investigated. A pulsed laser operating with alternating wavelength 
is shown for the first time. Quasi-continuous wave (QCW) operation with 5.5mJ pulse 
energy at lOOHz and Q-switching with 50ns pulse duration is also reported. 
6.2 1342nm Nd:YV04 lasers 
6.2.1 Multimode operation 
The crystal in this case was a l.lat.% doped Nd;YV04 crystal. Its end faces were cut 
at 5° to minimise parasitic oscillation and were AR coated at 1342nm to minimise 
reflection losses. The cavity setup was a standard compact symmetric cavity as 
described in the earlier chapters with arm lengths of 9cm on both sides of the crystal 
and the usual aforementioned f=50mm intracavity vertical cylindrical lenses. The 
pump was a 40W conductively cooled diode bar at 808nm. It was focused with a 
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25mm focal length vertical cylindrical lens onto the pump face of the crystal which 
was AR coated at 808nm. This is a longer focal length than what was standardly used 
for 40 W pumping of a 1064nm laser in prior work. This weaker pump focusing was 
chosen due to the larger quantum defect at 1342nm that leads to a stronger thermal 
lensing than at 1064nm. When a 12.7mm lens was used, the strong thermal lens made 
the cavity very sensitive to vertical alignment, and the beam could be observed to 
"roll o f f the thermal lens. The slightly weaker focusing with the 25mm lens lessened 
this effect considerably. 
Fig. 6.1 shows the power curve of the 1342nm compact cavity with an R=70% output 
coupler. The intracavity vertical cylindrical lenses were AR coated at 1342nm and the 
back mirror was HR coated at 1342nm. It was possible to obtain 14.6W multimode 
laser output at 1342nm for 40W of pumping from this cavity. This corresponds to a 
maximum conversion efficiency of 36%. The slope efficiency was 41%. This is the 
highest power achieved in a single crystal Nd:YY04 laser oscillator operating at 
1342nm. 
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Fig. 6.1 Output power versus pump power of l.lat.% Nd: YVO4 at 1342nni in multimode 
operation 
The optimum output coupler reflectivity was also investigated. Output couplers with 
the following reflectivities were available: 90%, 85%, 80%, 70%, 60% and 50%. It 
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can be seen in Fig. 6.2 and Fig. 6.3 that, as presented above, the 70% output coupler 
gave the highest output power. Unfortunately, since the cavities were optimised for 
power at maximum pumping, it is not possible to calculate cavity losses from the 
lasing threshold values using the Findlay-Clay method [6.5]. 
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Fig. 6.2 Output power versus pump power for l.lat.% NdiYVO^ at 1342nm in multimode 
operation for different reflectivity output couplers 
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Fig. 6.3 Maximum output power from l.lat.% NdiYVO^ at 1342nm as a function of output 
coupler reflectivity 
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Technical difficulties were encountered with the observation of the 1.3p.m radiation 
with the available equipment. All camera equipment available was silicon based. 
However, the 1.3p.m wavelength is at the very tail of the silicon absorption band. It 
was possible to image the beam by removing all protective filters from a camera and 
setting the camera gain to maximum, making it very susceptible to ambient light. The 
images produced were good enough to visually judge the beam. However, it was not 
possible to obtain reliable beam quality measurements from this setup. 
6.2.2 TEMoo operation 
For TEMoo operation an asymmetric cavity configuration was used. The configuration 
used a back arm length of 17cm and an output coupler arm length of 25cm. A 90% 
reflectivity output coupler was used for reasons explained in the following Q-
switching section. The maximum achieved output power from this laser oscillator was 
7.8W, as shown in Fig. 6.4, giving a 20% conversion efficiency. 
15 20 25 30 35 40 
Pump Power [W] 
Fig. 6.4 Output power versus pump power of l.lat.% NdiYVO^ laser at 1342nm in TEMoo 
operation 
6.2,3 Q-switched TEMqo operation 
When the TEMoo cavity with the 90% output coupler described above was Q-switched 
with an acousto-optic Q-switch in the output coupler arm, an average output power of 
around 6.6W for pulse repetition rates from 90 - 280kHz was achieved. As can be 
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seen in Fig. 6.5, the average output power is very stable and varies by only about 5% 
over the entire pulse repetition rate range. The pulse widths, measured with a 
Thorlabs det410 InGaAs photodiode with a 5ns rise time, varied from 56 - 142ns, 
respectively. This corresponds to pulse energies from 71 - 24|j.J and peak powers 
from 1260 - 170W, as shown in Fig. 6.6. 
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At lower repetition rates the high gain of the system and the larger emission cross 
section of 1064nm work against lasing at 1342nm. Due to the large inversion and gain 
available when the 1342nm radiation is held off by the Q-switch, it is possible for the 
1064nm radiation to achieve threshold, since none of the cavity mirrors are suitably 
well AR coated to suppress 1064nm. It should be possible to achieve lower repetition 
rates at 1342nm with mirrors that are coated to suppress 1064nm radiation. Also, with 
output couplers with a lower reflectivity it was found that the cavity became more and 
more difficult to Q-switch at low repetition rates without lasing at l|im occurring. 
This is probably caused by a higher inversion and therefore a higher gain being 
available at Ip-m because of the reduced intracavity flux at 1.3 [im due to the increased 
output coupling losses. 
These results for laser operation at 1342nm with Nd:YV04 in the bounce geometry 
compare well with other results published in the literature. In 2002, Di Lieto et al. 
reported a 7.3W Nd:YV04 laser at 1342nm in an end pumped rod laser for 18W of 
absorbed pump power [6.6]. Yang et al. obtained 8.24W output power at a conversion 
efficiency of 37.5% and a 40% slope efficiency with an end pumped 0.27% doped 
Nd;YV04 crystal in a 4cm long cavity [6.7]. Ogilvy et al. achieved over 8W at 33% 
conversion efficiency with a similar crystal in a double end pumped geometry [6.8]. 
And in a grazing incidence composite thin slab laser geometry Zimer et al obtained 
14W multimode and 9.3W single mode laser output at conversion efficiencies of 40% 
and 27% respectively [6.9]. Very little work is published purely on actively Q-
switching 1342nm Nd:YV04. In most cases the laser is either passively Q-switched or 
the experiment involves intracavity frequency conversion with no data on the 
performance at the fundamental wavelength. This comparison shows that the 
Nd:YV04 bounce laser at 1342nm can deliver output powers and conversion 
efficiencies competitive with other laser designs. 
6.3 1.3ijm highly doped Nd.YAG lasers 
Lasing at 1.3pm in the 2at.% doped Czochralski NdrYAG was also investigated. At 
the time these experiments were conducted, only the 90% reflectivity output coupler 
was available. This is probably not the optimum output coupler, and significant 
improvement in performance could probably be achieved with the use of an output 
coupler with a different reflectivity. 
I l l 
As detailed in Chapter 2, Nd:YAG has a number of transitions at 1.3 urn but the 
1319nm and 1338nm transitions have the highest and almost equal emission cross 
sections in the 1.3[im region. Hence it is found that they are likely to lase 
simultaneously unless one is suppressed. Suppression can be done either through 
careful coating selection [6.10] or through intracavity frequency selecting elements 
[6.11]. Dual wavelength lasers operating at both wavelengths simultaneously have 
also been presented [6.12]. No wavelength selection to discriminate between the two 
1.3)j.m transitions was done in the experiments presented here. 
6.3.1 CW Multimode operation 
The crystals used in these experiments were the same 2at.% Nd:YAG crystals with a 
22° cut as described in the previous chapter. The cavity was formed with a HR back 
mirror and a 90% reflectivity output coupler. The intracavity vertical cylindrical 
lenses have a focal length of 50mm and are AR coated at 1.3|am. Lenses with focal 
length of 60mm as those used in the 1064nm cavities might improve performance but 
none were available with the appropriate 1.3p,m AR coating. 
The power curve for a compact multimode cavity with arm lengths on both sides of 
the crystal of 80mm is shown in Fig. 6.7. The crystal was pumped with a 40W diode 
bar which was focused onto the crystal with a 12.7mm focal length vertical cylindrical 
lens. The maximum output power from the laser was 10.IW corresponding to a 25% 
conversion efficiency, and the slope efficiency was 38%. Spatial quality of the output 
beam was single mode in the vertical and multimode in the horizontal. 
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Pump Power [W] 
Fig. 6.7 Output power versus pump power of multimode Nd:YAG laser at 1.3ftm 
To increase the output power, the same cavity setup was pumped with a lOOW diode 
bar. The results are shown in Fig. 6.8. With this change, the maximum output power 
increased to 16.7W at a 17% conversion efficiency. A maximum conversion 
efficiency of 20% was reached at SOW of pumping before efficiency decreases 
towards maximum pumping. The experiment was conducted with the diode 
temperature optimised at every measurement point for maximum output power. It is 
interesting to see the effect that temperature tuning the water cooling manifold at 
every point along the power curve has when compared to a power curve taken at a 
fixed water temperature. As shown in Fig. 6.8, the maximum output power is exactly 
the same in both cases. However, the lasing threshold is significantly reduced in the 
case of the continuously temperature tuned diode. This is explained by pointing out 
that the wavelength of the diode laser is dependent on temperature. The wavelength 
shift per °C change at the diode junction is usually quoted at around 0.25nm. 
Therefore, a diode at a fixed water temperature optimised at maximum pump power is 
tuned off the absorption wavelength at low pumping due to the changed temperature 
at the diode junction. 
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water temperature and temperature tuned at every point 
6.3.2 CW TEMoo operation 
To achieve TEMoo output, the output coupler arm was extended to 155mm to 
construct an asymmetric cavity. All other components remained unchanged. As 
shown in Fig. 6.9, the maximum TEMoo output power achieved with this setup was 
1IW for 76W of diode pumping (marked with arrow), and the cavity has an unstable 
region of operation between pump powers ~40W and 70W. Even though an overall 
maximum output power of 12.5 W was achieved at 81W of pumping, the beam was no 
longer TEMoo at that point. 
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Fig. 6.9 Output power versus pump power for 2at.% Nd:YAG at TEMoo operation at 1.3^in 
6.3.3 Pulsed operation 
The cavity was subsequently Q-switched with an acousto-optic Q-switch AR coated 
for 1.3|j,m operation. A Thorlabs det410 InGaAs photodiode with a 5ns rise time was 
used to measure the pulse widths. The average TEMoo output power and the Q-
switched pulse widths as a function of pulse repetition rate are shown in Fig. 6.10. For 
a pump power of 72W the average output power was over 9W and the Q-switching 
frequency ranged from 20 - 160kHz with the corresponding pulse widths from 33 -
129ns. This corresponds to pulse energies from 418 - 57pJ and peak powers from 
12.6kW to 450W, shown on Fig. 6.11. The change in average output power from 25 -
160kHz was less than 10%. 
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A splitting of the 1.3pm radiation into two wavelengths at 1319nm and 1338nm was 
observed and the relative powers of the two lines were measured. To separate the two 
wavelengths, a grating with 1200 lines/mm blazed at 1 pm was used. As can be seen in 
Fig. 6.12, the output powers of the 2 lines are almost equal at high repetition rates, 
whereas at repetition rates below 60kHz, the 1319nm line becomes more and more 
dominant with decreasing repetition rate. This is consistent with it having the slightly 
larger stimulated emission cross section of the two transitions. 
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Fig, 6.12 Splitting of the 1.3nm radiation into the 1319nm and 1338nm lines as a function of pulse 
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At the higher repetition rates a temporal alternating of the two laser transitions has 
also been observed. The laser does not lase at both transitions simultaneously but 
alternates between the two lines, as can be seen in Fig. 6.13 in the case of 90kHz 
repetition rate. To the best of my knowledge, this is the first time that this effect has 
been reported in the literature. 
A possible explanation for this effect could be spatial hole burning. In a first pulse, 
the 1319nm transition with the slightly higher stimulated emission cross section 
would start lasing first and deplete the gain. At the high pulse repetition rates, there is 
not enough time between pulses for the pump to fully invert the depleted regions, and 
in the next pulse the 1338nm transition, whose stimulated emission cross section is 
only slightly smaller than the 1319nm one can lase in the un-depleted regions of the 
gain. With decreasing pulse repetition rate more time becomes available for the pump 
to supply more gain and for the spatial hole burning to erase between pulses so that 
both transitions can lase simultaneously. 
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Fig. 6.13 Alternating 1319nm (black) and 1338nni (red) Q-switched pulses at 90kHz repetition 
rate 
The evolution of the pulse alternation can be observed in Fig. 6.14 - Fig. 6.16 which 
show three successive pulses at lOOkHz, 60kHz and 30kHz, respectively. Pulses at 
1319nm are shown in black, 1338nm pulses are shown in red. At lOOkHz, shown in 
Fig. 6.14, there is no evidence of simultaneous lasing. Pulses at 1319nm and 1338nm 
alternate cleanly with almost equal energies, the pulses at 1319nm carrying slightly 
more energy, as shown on Fig. 6.12. Fig. 6.15 shows that there is a transitional period 
around 60kHz, where wavelength alternation is still occurring strongly, but low 
energy pulsing at the other wavelength can be observed at the same time. Again, the 
favoured 1319nm transition has higher pulse energies during the 1338nm main pulse 
than the 1338nm does during the 1319nm pulse. Finally, Fig. 6.16 shows the lasing 
behaviour at the low repetition rate end at 30kHz. Both transitions are now lasing 
simultaneously. However, as stated above, the 1319nm pulses have higher energies 
than the 1338nm pulses, and the difference in energy increases with decreasing pulse 
repetition rate. 
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Fig. 6.14 Three successive Q-switched pulses at lOOkHz repetition rate in 2at.% doped Nd:YAG 
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Fig. 6.15 Three successive Q-switched pulses at 60kHz repetition rate in 2at.% doped Nd:YAG; 
black, 1319nm; red, 1338nm 
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Fig. 6.16 Three successive Q-switched pulses at 30kHz repetition rate in 2at.% doped Nd:YAG 
showing simultaneous lasing; black, 1319nm; red, 1338nm 
6.3.4 Second harmonic generation 
Second harmonic generation (SHG) was also investigated. The fundamental 
output from the laser was focused with an f=50mm spherical lens into an extra-cavity 
LBO second harmonic crystal (3 x 3 x 15mm', 6=86.1°, (j)=0°, 
ARyAR@ 1342+67Inm) to generate red light. Three different converted frequencies 
could be observed at 50kHz pulse repetition rate at 659nm, 669nm and 664nm, as 
shown on Fig. 6.17. The first two are due to SHG from the 1319nm and the 1338nm 
wavelengths, respectively, and the last one is due to sum-frequency mixing of the two 
fundamental lines. At 50kHz repetition rate, the sum-frequency generated output is 
the most powerful as can be seen in Fig. 6.17. This is because the LBO crystal is 
angularly adjusted to give maximum efficiency to the combined red output power. 
The avg. output power of the second harmonic radiation as a function of Q-switched 
repetition rate can be seen in Fig. 6.18. The highest total red output was 1.6W average 
power at 20kHz. The beam was TEMoo with values of less than 1.2 both 
horizontally and vertically. 
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6.3.5 QCW diode pumped operation 
To investigate the high pulse energy performance of the highly doped Nd:YAG at 
1.3(im, the crystal was diode pumped with 200|J.S long pulses at a repetition rate of 
lOOHz. Fig. 6.19 shows the output pulse energy as a function of pump pulse energy 
for a standard compact symmetric cavity, as described earlier, with 60mm arm 
lengths, a 90% reflectivity output coupler and a 12.7mm focal length diode focusing 
lens. Maximum output pulse energy of 5.5mJ for 28mJ of diode pumping was 
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obtained at a conversion efficiency of 20%. The slope efficiency was 22% and the 
pumping threshold was 1.6mJ. To my knowledge, this is the first demonstration of 
QCW operation of 2at.% NdtYAG at 1.3pm. The spectral composition of the 1.3|im 
radiation was not investigated. 
Pump Pulse Energy [mJ] 
Fig. 6.19 Output pulse energy versus pump pulse energy for Nd: YAG QCW pumped with lOO i^s 
pulses at lOOHz 
With the intention to Q-switch the cavity, an asymmetric cavity was formed by 
extending the output coupler arm to 18cm, allowing space for the subsequent insertion 
of an acousto-optic Q-switch. The extended cavity reduced the output pulse energy to 
4.6mJ with a slope efficiency of almost 20%. Then, an acousto-optic Q-switch was 
inserted into the cavity in the output coupler arm. However, it proved to be impossible 
to cleanly Q-switch the cavity. Because of the high gain, the Q-switch was not able to 
hold off lasing of the cavity. Even decreasing the gain by reducing the diode focusing 
with a 50mm lens did not improve the situation sufficiently to enable Q-switching 
without breakthrough. 
In response to this the cavity was redesigned to significantly reduce the gain. The 
intracavity lenses were removed, the cavity arms shortened to 25mm on either side of 
the crystal and an f=50mm diode focusing lens was used. This laser delivered an 
output pulse energy of 4.9mJ, corresponding to a 17% conversion efficiency. The 
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slope efficiency was 23%. To reduce the gain even further the diode focusing lens 
was defocused by positioning it at half its focal length from the crystal. This led to a 
reduced pulse energy of 4.3mJ as shown in Fig. 6.20. 
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Fig. 6.20 Output pulse energy versus pump pulse energy for laser without intracavity lenses for 
focused and defocused diode focusing lens 
Again, the output coupler arm was extended to 18cm, which reduced the output power 
to 2.4mJ in the case of the defocused diode lens. The cavity was then Q-switched with 
the acousto-optic Q-switch. The Q-switch was opened after 195|j.s of pumping at the 
end of the 200^s pump pulse to maximise the energy storage. From the Q-switched 
laser a maximum output pulse energy of 1.8mJ in a 50ns long pulse at 7% conversion 
efficiency was obtained. This corresponds to a peak power of 36kW. The 1.3|im 
fundamental was then focused into an extra-cavity LBO second harmonic crystal for 
frequency conversion to the red. The output pulse energy results of the fundamental 
and the second harmonic are shown in Fig. 6,21. Up to l.lmJ in the red were obtained 
at a second harmonic conversion efficiency of 62%. 
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Fig. 6.22 shows the spatial beam profile and the beam quality measurement of the 
second harmonic output. The second harmonic beam had excellent beam quality 
measurements of less than 1.1 both horizontally and vertically. The high second 
harmonic conversion efficiency and the excellent of the second harmonic indicate 
a high quality fundamental beam. The presence of multiple wavelengths in the red 
was not investigated. 
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Fig. 6.22 Spatial beam profile and beam quality measurement of frequency doubled output from 
QCW pumped, acousto-optically Q-switched 1.3]Lim Nd;YAG laser 
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6.4 Summary 
This chapter demonstrated the laser performance of Nd;YV04 and highly doped 
Nd;YAG in the bounce geometry at 1.3|im, Laser operation in Nd:YV04 at 1342nm 
was presented in both CW multimode and CW and Q-switched TEMoo- Also, high 
power laser operation in 2at.% doped Czochralski Nd:YAG under CW and QCW 
pumping was presented. Q-switched operation with alternating wavelengths was 
shown for the first time. 
The Nd:YV04 bounce laser oscillator at 1342nm delivered a maximum output power 
of 14.6W multimode output power at a 36% conversion efficiency. In TEMoo 
operation a maximum output power of 7.8W was obtained at a 20% conversion 
efficiency. A Q-switched TEMoo oscillator was operated at an average output power 
of 6.6W with pulse repetition rates from 90 - 280kHz. 
Under CW pumping a 1.3|j,m Nd:YAG oscillator with 10.IW multimode output 
power at a 25% conversion efficiency was presented. The output power was 
subsequently scaled up to 16.7W at a 17% conversion efficiency. CW TEMoo laser 
operation with 11W output power was demonstrated as well as Q-switched operation 
with an average output power of over 9W with pulse repetition rates from 20 -
160kHz. Easing alternating at 1319nm and 1338nm was presented for the first time. 
Second harmonic generation produced 1.6W average power at 20kHz in the red. 
Due to its higher energy storage capacity, QCW operation of the Nd;YAG at 1.3|J,m 
was investigated. 5.5mJ output pulses with a conversion efficiency of 20% were 
achieved with 200(J,S pump pulses at lOOHz. In a redesigned Q-switched cavity 1.8mJ 
pulses with 50ns pulse width corresponding to a peak power of 36kW were obtained. 
Through second harmonic generation these were converted into l . lmJ output pulses 
in the red with M^ of less than 1.1. 
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7, Conclusion 
7.1 Introduction 
The final chapter presents a summary of the thesis followed by a brief overview of 
possible future work related to the work presented here. This thesis investigated the 
use of a novel diode pumped solid-state amplifier geometry with different gain 
media for high efficiency, high power laser operation. The properties of the gain 
materials Nd;YV04 and NdtYAG were explored. The bounce amplifier geometry 
was described, and the thermal effects influencing laser performance were discussed. 
Laser performance in the bounce geometry of Nd;YV04 was compared to that of 
different forms of highly doped Nd:YAG, at 1064nm wavelength as well as at 
1.3pm. Different methods to scale the output power of the bounce laser were 
investigated. Q-switched operation across a wide repetition rate range (20kHz to 
>lMHz) was demonstrated by utilising different cavity designs and laser materials. 
7.2 Thesis summary 
The first section of this thesis, Chapter 1; "Introduction", aimed to give a 
background for the work presented in later chapters. It first gave a brief overview of 
some common solid-state laser host materials such as glasses, garnets like YAG, 
vanadates like yvo4, YLF as an example for fluorides, and ceramics, and 
commented on their main properties. The chapter then introduced common dopants 
such as the widely used Neodymium, Nd '^^ ; Erbium, Er^ "^ , which is common in 
telecoms applications and the quasi-three-level ion Ytterbium, Yb^ % which has a low 
quantum defect and through its reduced heating is well suited for high power laser 
operation. Common pump sources such as lamps and laser diodes were described, 
followed by an overview of different diode pumping configurations. End pumping 
geometries such as the rod, which allows a good overlap between the pump mode 
and a TEMoo laser mode but is limited in power scaling due to thermal issues, and 
the thin disk, which was developed to minimise thermal distortions and can deliver 
output powers in the kilowatt range, were explored. As examples for diode side-
pumping, the side-pumped rod, which is easily scaled up to high output powers, and 
the slab, which allows easier heat management, are mentioned. Finally, the zig-zag 
slab design was described. The bounce geometiy, on which the work presented in 
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this thesis is based, was introduced as a single side-pumped slab laser with a single 
grazing incidence total internal reflection. 
The second chapter. Chapter 2; "The crystals, their properties, and thermal 
loading", discussed the laser crystals Nd:YV04 and Nd:YAG and compared their 
physical, spectroscopic and optical properties. The materials were explored with 
emphasis on efficiency and output characteristics such as wavelength and output 
polarisation. Historically, lasing had been demonstrated in both materials by the mid 
1960s, although unlike Nd;YAG, Nd:YV04 did not become widely used as a laser 
gain medium at first, due to manufacturing difficulties. That changed with the 
widespread arrival of laser diodes as pump sources that could make use of the high 
absorption at 808nm and high stimulated emission cross section. One large 
difference between the two materials is that Nd;YAG is an isotropic crystal whereas 
Nd;YV04 is a naturally birefringent uniaxial crystal, which gives it the benefit of no 
significant thermal depolarisation. Further, Nd:YAG has a thermal conductivity 
more than twice that of NdiYVO^.. In terms of thermal leasing this is mitigated by 
the smaller dn/dT of Nd;YV04. Nd;YV04 has a similar thermal expansion 
coefficient to that of Nd:YAG along its c-axis, but only a quarter of that along the a-
axis. The thermal expansion coefficient can give rise to stress within the crystal as 
well as bulging effects at the crystal faces which can cause serious problems at high 
powers. Bulging can lead to lensing effects from the distorted surfaces and in 
extreme cases to structural failure and blowouts of crystal ends. Even though both 
materials are Nd based, they have slightly different laser transitions due to the 
influence of the different hosts. Both materials have their strongest transition at 
1064nm. In the 1.3pm range, however, Nd;YV04 has its main transition at 1342nm 
whereas Nd:YAG has two almost equally strong transitions at 1319nm and 1338nm. 
At the same doping concentration, Nd:YV04 has a much stronger absorption at 
808nm than Nd;YAG as well as larger emission cross sections at 1pm and 1.3pm. 
The final section of the chapter explored different heating mechanisms of the 
crystals. Quantum defect heating, Auger upconversion, cross relaxation and excited 
state absorption were explained and cross section measurements were compared with 
experimental studies on thermal lensing in Nd:YV04 and Nd:YAG under non-lasing 
conditions and lasing at 1064nm and 1.3pm. Quantum defect heating, due to the 
difference in energy between the pump and emission photons, is a major source of 
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the heat deposited in the gain medium and is constant for given pump and emission 
wavelengths. 
The bounce amplifier design was described in Chapter 3; "The bounce amplifier". 
The principles of operation of the bounce geometry and the advantages inherent in 
this design were described and details of the crystal and cavity arrangement were 
given. A gain study in a Nd;YV04 bounce geometry amplifier was conducted and 
the stability conditions in a bounce cavity with respect to thermally induced 
intracavity lensing were explored. The bounce amplifier was described as a side 
pumped slab design with a single total internal reflection at grazing incidence. For 
efficient performance it requires a gain medium with a high pump absorption cross-
section. The shallow gain region and the single grazing incidence total internal 
reflection contribute to a high gain and good extraction efficiency. The bounce also 
averages out gain inhomogeneities for good beam quality. The laser system was 
described with details of the crystal cut, the cooling arrangement and the pump 
delivery. The restrictions on the pump diode characteristics for optimum laser 
performance in terms of spectral width and straightness of the laser bar were 
explained. A standard cavity layout with intracavity vertical cylindrical lenses 
around the gain medium was outlined. A gain study in a l.lat.% doped Nd:YV04 
amplifier crystal with a 14° cut was conducted with a 40W pump diode. The gain for 
internal bounce angles of 5°, T and 10° was investigated over a range of different 
probe and pump powers. The small signal gain was found to increase with 
decreasing bounce angle and a maximum small signal gain of 28000 for 35W 
pumping at a 5° angle was obtained. The cavity stability of the bounce geometry was 
explored in the case of an asymmetric cavity with respect to a horizontal thermally 
induced lens in the gain medium. It was found that the cavity has two stability 
regions. The region of instability between the two can be set through appropriate 
choice of the cavity arm lengths. For TEMoo operation the cavity is operated in the 
second stability region. 
Chapter 4: "Laser operation at 1064nm with Nd:Vanadate crystals in the bounce 
geometry" demonstrated the performance of l.lat.% doped Nd;YV04 and 
Nd;GdV04 based bounce amplifier laser systems over a wide range of operations. In 
CW multimode laser operation, Nd:YV04 oscillators from 24W output power with 
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60% conversion and 74% slope efficiency up to 103W output power were 
demonstrated. Different diode pump sources from passively cooled single and 
multiple 40W diode bars to actively cooled single lOOW bars and multi bar stacks 
were explored. Nd:YV04 and Nd;GdV04 TEMoo lasers with up to 50% optical to 
optical conversion efficiencies were presented with output powers ranging from 19W 
up to 47.4W. Very high pulse repetition rate Q-switching in the bounce geometry 
was shown with Nd:GdV04 with repetition rates from 300 - 1500kHz at 22W 
average output power. On the other hand, it was possible to Q-switch a semi-
monolithic cavity with pulse repetition rates from 20 - 150kHz at lOW output 
power. The suitability of the bounce geometry as a power amplifier was also 
demonstrated by scaling the lOW output from the semi-monolithic cavity to 55W at 
over 40% amplifier efficiency. The same efficiency was achieved with the 
amplification of a 50 W source to 125W output power. Extra-cavity second harmonic 
generation in LBO delivered over 4W at 532nm from the 30kHz Q-switched semi-
monolithic cavity at a second harmonic conversion efficiency of almost 60%. 
Overall, it was demonstrated that the bounce amplifier geometry can produce high 
power, high efficiency Nd:YY04 and Nd:GdV04 lasers. 
Chapter 5; "1064nm highly dopedNd:YAG laser systems" introduced the properties 
of highly doped Nd:YAG and demonstrated experimental results from bounce laser 
oscillators with highly doped Nd:YAG grown by the Czochralski and temperature 
gradient technique as well as ceramic Nd;YAG. With 40W CW diode pumping, the 
2at.% Czochralski grown Nd:YAG crystal delivered over 19W multimode output 
power at 47% conversion and 56% slope efficiency. The output power was 
subsequently scaled up to 46W while keeping the optical to optical conversion 
efficiency the same. Almost 40W of TEMoo output power was achieved in an 
asymmetric cavity at a 38% conversion efficiency with beam propagation factors of 
less than 1.2 when the wings were spatially filtered out. To my knowledge, these 
results are the highest reported output powers for highly doped Nd:YAG. Because 
Nd:YAG has a longer upper state lifetime than Nd;YV04 and thus a higher energy 
storage capacity, QCW operation of the 2at.% Czochralski Nd:YAG was 
investigated. With 200^s pump pulses at lOOHz l lmJ output pulses with a 
conversion efficiency of 39% and a slope efficiency of 45% were achieved. In a 
redesigned passively Q-switched cavity using Cr:YAG without any other intracavity 
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optics 2.3mJ output pulses with 12ns pulse width corresponding to a peak power of 
192kW were obtained for 28mJ pump pulses. With 2at.% doped ceramic Nd:YAG 
lasers the highest efficiency system delivered 16.7W CW multimode output power at 
41% conversion efficiency with a 54% slope efficiency. The highest oscillator power 
was 42W at only 30% conversion efficiency and 32% slope efficiency. This is a 
considerable reduction in performance compared to the Czochralski Nd:YAG lasers. 
Comparison between the TGT grown crystals and the aforementioned other two 
Nd:YAG gain media is not possible due to the poor processing of the TGT crystals 
which heavily degraded the laser performance. The maximum multimode output 
power was 14.4W at 16% conversion and 20% slope efficiency for the 2at.% doped 
crystal and 20W at 26% conversion efficiency for the 3at.% doped crystal. The 
output power of the 3at.% doped crystal was limited by strong thermal lensing in the 
crystal. Processing of the crystals to laser grade should significantly increase output 
power and efficiency of the systems. 
Chapter 6: "l.Sjum laser operation ofNd:YV04 andNd:YAG" demonstrated the laser 
performance of Nd:YV04 and 2at.% doped Czochralski Nd:YAG in the bounce 
geometry at 1.3fxm. The Nd:YV04 bounce laser oscillator at 1342nm delivered a 
maximum output power of 14.6W multimode at a 36% conversion efficiency. In 
TEMoo operation a maximum output power of 7.8W was obtained with a 20% 
conversion efficiency. An AO Q-switched TEMoo oscillator was operated at an 
average output power of 6.6W with pulse repetition rates from 90 - 280kHz. A 
1.3|a,m Nd:YAG CW oscillator with 10.IW multimode output power at a 25% 
conversion efficiency was also presented. The output power was subsequently scaled 
up to 16.7W at a 17% conversion efficiency. CW TEMoo laser operation with IIW 
output power was demonstrated as well as Q-switched TEMoo operation with an 
average output power of over 9W and pulse repetition rates from 20 - 160kHz. Q-
switched lasing alternating at 1319nm and 1338nm was presented for the first time. 
Second harmonic generation produced 1.6W average power at 20kHz in the red. Due 
to its higher energy storage capacity, QCW operation of the Nd:YAG at 1.3pm was 
also investigated. 5.5mJ output pulses with a conversion efficiency of 20% were 
achieved with 200ps pump pulses at lOOHz. In a redesigned Q-switched cavity 
1.8mJ pulses with 50ns pulse width corresponding to a peak power of 36kW were 
131 
obtained. Through second harmonic generation these were converted into l.lmJ 
output pulses in the red with of less than 1.1. 
7.3 Overall conclusion 
In overall conclusion, it was shown that the bounce geometry can produce high 
power lasers with conversion efficiencies of over 60%. It was also demonstrated that 
with the high gain Vanadate materials it is possible to obtain Q-switched oscillators 
with MHz pulse repetition rates, whereas most other high repetition rate Q-switched 
diode pumped solid-state lasers can only achieve a few hundred kHz at best. 
In the comparison between highly doped 2at.% Czochralski and ceramic Nd:YAG 
higher output powers were achieved with the Czochralski Nd:YAG than the ceramic 
Nd:YAG. Scattering losses in the ceramic are a possible reason for this. Due to 
inferior polishing and a lack of AR coating it is not possible to compare the laser 
performance of the TGT Nd;YAG with the other two materials. 
In the comparison of laser,performance at 1064nm between l.lat.% doped Nd;YV04 
and 2at.% doped Czochralski Nd;YAG in the bounce geometry, the vanadate has 
exhibited higher optical to optical conversion efficiencies than the Nd;YAG. Fig. 7.1 
shows the multimode output power as a function of pump power for both Nd:YV04 
and Nd:YAG under pumping with a lOOW bar. Nd:YV04 delivered over 30% more 
output power than the Nd;YAG at lOOW pumping. The performance advantage of 
Nd:YV04 over Nd;YAG can probably be attributed to the higher absorption and 
emission cross sections of Nd:YV04. 
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Fig. 7.1 Comparison of multimode output power at 1064nm between l.lat.% NdiYVO^ and 
2at.% Czochralski Nd; YAG in the bounce geometry 
With laser operation at L3|im, the situation is less clear. Fig. 7.2 shows a 
comparison of multimode output power as a function of pump power between 
Nd:YAG with a an 90% reflectivity output coupler and Nd;YV04 with both a 70% 
and a 90% reflectivity output coupler. In the experiments, higher efficiencies were 
achieved with the Nd:YV04 laser with the 70% output coupler than with Nd:YAG 
laser, but a lack of appropriate partial reflectors at the time the Nd:YAG experiments 
were conducted means that the output coupling for those oscillators was not 
optimised. It can be seen that the laser performance of a Nd:YV04 laser with a non-
optimal 90% reflectivity output coupler is much closer to that of the Nd;YAG. 
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Fig. 7.2 Comparison of output power at 1.3|tim in muitimode operation between l . lat .% 
Nd:YV04 and 2at.% Czochralski Nd:YAG in the bounce geometry 
The difference in performance between the two materials shrinks even further in the 
case of TEMoo operation. Fig. 7.3 shows TEMoo power curves for Nd;YV04 and 
YAG lasers where both systems are using 90% reflectivity output couplers. It can be 
seen that the output powers of the two systems are basically the same, within errors. 
It is possible that at 1.3|im, with optimised output couplers, Nd:YAG is capable of 
similar laser performance as Nd:YV04. Further experiments are required to 
investigate this. Even so, depending on the intended application, the dual wavelength 
operation of Nd:YAG at 1319nm and 1338nm may not be desirable and one of the 
wavelengths might need to be suppressed. 
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7.4 Future work 
There are several possible extensions and continuations to the works presented here. 
One that was previously mentioned would be a study of the highly doped Nd;YAG at 
1.3jj.m with optimised output couplers. As stated earlier, when the experiment was 
done originally, only 90% reflectivity output couplers were available, which 
probably do not give the best efficiency of the system. It might also be possible to 
improve performance and especially extend the Q-switching range for both 
Nd;YV04 and Nd:YAG laser at 1.3ja,m with cavity mirrors that are AR coated to 
suppress the 1064nm radiation. 
Another interesting avenue of investigation would be into different doping 
concentrations of Nd:YAG. As discussed in Chapter 5, the absorption coefficient of 
2at.% Nd:YAG is smaller than that of l.lat.% doped Nd;YV04, and a higher doping 
concentration might deliver better efficiencies. Therefore an investigation into 
Nd;YAG with different doping concentrations would be interesting. The large 
thermal lensing in the 3at.% doped TGT Nd:YAG might indicate that that doping 
concentration is too high, but the poor polishing of the crystal also affected this. It is 
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however difficult to obtain Czochralski Nd:YAG crystals with doping concentrations 
even higher than 2at.%. TGT grown Nd;YAG can obviously be doped higher, even 
though there is some doubt over the accuracy of the stated doping concentrations of 
the crystals that were used in the experiments describe here. A study of 
professionally processed, well polished and AR coated TGT Nd:YAG should also 
allow conclusive statements as to its relative performance compared to Czochralski 
and ceramic Nd:YAG. 
Another extension of the work presented here is further scaling up of the output 
power from bounce lasers. It should be possible to increase the output power from 
both oscillators and MOPA systems to hundreds of watts, maybe even up to the 
kilowatt range. The main problem when going to such high powers is thermal 
lensing. One possibility for reducing the thermal lensing in the crystal and extending 
the output power of the bounce geometry would be so called "face-cooling". In face-
cooling, a material with a high thermal conductivity would be contacted to the pump 
face of the crystal to directly remove the heat form the crystal where it is generated. 
The material would also need to be transparent at the diode pump wavelength, since 
the crystal is now pumped through the face-cooling material. There are three 
materials that are the main candidates for this. They are sapphire [7.1, 2], silicon 
carbide [7.3] and diamond [7.4, 5], which have thermal conductivities at room 
temperature of about 30, 400 and 2000W/mK, respectively [7.6, 7]. All materials 
have advantages and disadvantages. Sapphire, which has the smallest thermal 
conductivity of the three even though it is still larger than that of the gain media, is 
the only one that has a refractive index smaller than that of Nd:YV04, which would 
still allow total internal reflection at the pump face. Diamond, which has the largest 
thermal conductivity, is also by far the most expensive material. Recently, silicon 
carbide has been used for face-cooling and Newburgh et al. have shown in a face-
cooled Nd;YAG disk laser that silicon carbide is almost as efficient as diamond and 
therefore an affordable alternative to it [7.8]. Face-cooling in the bounce geometry 
should reduce the thermal loading of the crystal significantly, but issues such as 
contacting, mounting, interface losses and the control of the bounce will need to be 
addressed. 
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As has been mentioned before, another way to decrease the thermal loading would 
be to directly pump to the upper laser level with 880nm radiation, thus decreasing 
the quantum defect. The lower absorption coefficient at 880nm in both gain 
materials means that higher doping concentrations might be required to achieve 
efficient laser operation with the bounce geometiy. 
Different lasing transitions [7.9] can also be investigated in the bounce geometry. 
Due to the high gain in the system, it should be easier to access lasing transitions that 
do not have high emission cross sections and study their relative performance. In 
Nd;YAG, it would be interesting to investigate the single wavelength performance at 
1.3^m with only one of the two strong transitions selected. The 900nm quasi-3-level 
transitions would also be interesting, since they would result in a lower quantum 
defect. 
In the experiments, nonlinear conversion of the 1.3pm radiation to red has been 
demonstrated. This can be taken further through frequency tripling to the blue. 
Another more direct path to blue would be the doubling of the 900nm transitions. 
Together with frequency doubling of the 1064nm fundamental to green, one would 
then have red, green and blue radiation that could be used in display applications. 
A further area of interest is the performance of 3-level bounce lasers based on for 
example Ytterbium. Possible candidates for gain media would be Yb:YAG or 
Yb:Tungstates [7.10]. The low quantum defect of Ytterbium would mean a much 
reduced thermal loading of the crystal and weaker thermal lensing. This could allow 
power scaling to higher output powers than is possible with the gain materials 
presented here. The disadvantage of 3-level lasers such as these is that they require 
high pump intensities to overcome the thermal population of the lower laser level 
and achieve the needed inversion. 
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